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I. INTRODUCTION

This document contains nonlinear mathematical models for
a number of electronic components. These models were devel-
oped for use with the TAG computer program for static and dy-
namic circuit analysis. Components modeled herein are the
diode,transistor, zener diode, tunnel diode, controlled recti-
fier, junction field-effect-transistor, and saturating

inductor.

In developing each model, consideration of device physics
and of numerical circuit analysis have been omitted in the in-
terest of simplicity and brevity. Rather, attention has been
concentrated on describing the model and its performance and
on evaluating model parameters. This should permit the user
to "build" models of particular components and to understand
how his models will perform. FORTRAN programs for some of
the more widely used components are provided.

This present version of the modeling handbook does not
attack certain important modeling problems. These include
problems of model accuracy and suitability to different types
of circuits, problems of parameter interdependence, tempera-
ture dependence and distribution, computer computation of
model parameters from device measurement or specifications.

As computer analysis of circuits grows in importance and use,
these and other modeling problems should be studied and solved.
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II. DIODE MODELS

A. Model Descriptions

1. Classical Model

For a diode symbolized as follows:
+ v -

i—= 3y N
{1

we may separate the behavior due to the junction
and the diffusion of minority carriers from the
behavior resulting from other phenomena and draw

a model as follows:

. JlP IN }— .- AVAS —*
i i’ . RsER
SH
L AA
ILSs 1
B

Here the block PN symbol represents an idealized
junction diode whose mode of conduction is solely

diffusion.

The ideal diode may be further broken down into 3
components, a current generator, a junction capa-
citance and a diffusion capacitance to arrive at
the following general model,




— SER

2. Static Model

1)

Static model for junction (excluding Roer

and RSH). The equation for ij’ which

represents the static portion of the dif-
fusion current, is as follows:

ij = Ig (exp(vj/vo) - 1)

where IS and Vo are positive qualities

and functions only of temperature; Vj is
the voltage across the junction depletion
region, This equation is plotted in the
upper part of Figure 2-1,

IS generally does not correspond to the
actual diode leakage current but is often
orders of magnitude smaller. 1I_ increases

S
with temperature in such a manner as to
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make the voltage at a given current increase

with temperature at a rate between 2 and 3

mv per degree C.

\Y
o

lies between ,026 and .052 volts at 250C

and is proportional tc temperature in degrees

Kelvin.

Solving the ij equation for voltage gives:

It is evident that for ij >> IS’

a)

~S

S

VO 1ln (ij/IS

Dependence on I

ture, V0

I exp(vJ./VO

)

)

S:

At a given tempera-
can be regarded as having the

same value for all diodes of a given

type, with different values of 1

S

being responsible for different behavior,

.026 volts, at ij

have I

corresponding to a Vj of .239.

To illustrate the significance of I

Thus, for Vo

1 ma,

2 silicon diodes of the same family might

S

resulting in a Vj of ,598 and

respectively.

the same Vo and ij might have I

of .1 x 10712 ana .2 X 10'12,
.580,

A germanium diode with

S

.1xi0”

S)

curves for 2 diodes whose 1's are in

S

ratio of 106 are plotted in the bottom

of Figure 2-1,
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b) Small Signal Conductance: The slope
of the i, - Vj curve, which represents
the small signal conductance, Ip - is

determined as follows:

i,
i - 1
For lj >> IS’ gD = Vo

Thus, two vactly different diodes with
equal V_ will have the seme conductance
at a c¢iven cuarrent. as shown in the

pottom of Figure 2-1,.

Static Additions to Junct ic: Model - In the
in*2rests of more accurate moadeling. it is
often necessary to add a <r.all series
recistor, significant at ..rge forward
currents, and a large s ..L resistor, signi-
ficant at wost rtvever.« <oltages. Thus the

mcdel symbols and equ.-.ions become:

JUNCTION
i1—» o
,__AAAP_"4PWF , .
RSER + VJ' =
i!SH
+v -
For positive currents, v = Vj + lRSER

For negative voltages, i © —— - I
RSH S
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b.

Diode Model, Dynamic Components

1)

Junction Capacitance (Barrier Capacitancaz,
Depletion Layer Capacitance) - The junction
capacitance is a non-linear function which

varies with the junction voltage. Its model

T T

equation is as follows.

K

j
(Vg - vj)

N

v. = voltage across dioue junction depl. region

VK = contact potential, =.7 to 1.0 for Si
@ 25°%

VK > any operating Vj’ otherwise C —» o°

VK is a function cf doping, etc.

K = proportionality constant that deter-

mines the magnitude of C

N = junction grading constant; .5 for
abrupt junction, .33 for uniformly
graded junction,




2) Diffusion Time Constant {or Diffusion
Capacitance) - In the classical model.

the diffusion time constant, 7; is used

to represent the charge storage behavior
of the diode, T is the proportionality
constant between the stored charge and

the diffusion current, through the

diode.

iD’

The effects of the diffusion time constant
can be represented in the circuit model
as a non-linear diffusion capacitance, Y
where

n

di,
CD = TgD= T —_ldVJ

|
T.V
o
and q)is the small signal conductance or

slope of the ij’ Vj characteristic.

3) Case Capacitance -~ There is usually a small
fixed capacitance associated with the diode

case. This is shown as CS in the model.

Piece-wise Linear Classical Model

Linear segmented models are less accurate, but

may permit faster computation.

a. Static Model -~ Here the junction current genera-
tor and the series and shunt resistors are
replaced by the series combination of a voltage

source and a resistor,




i—* VN Ry
v _ g
+ - di = 3
-, — ,
‘ /
1
1 dv _ g /’q
di 2\1\/ ‘\
[
dv {
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"
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|
V) V3
v-Vl
1= R for v { v,
1
v-V2
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1)

Linear Models - The limiting case of the

piece-wise linear model is the one-piece

linear model.

Several such models are

shown graphically below.

Large

Signal

Linear Models

maxr — — — — — — — — — - -\ - - —
Small Signal
Linear Models
|
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- - - -
1 | |
| [
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- /
/
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The linear models may be divided into two
groups, the large signal linear models and
the small signal linear models. For the

large signal models, the linear approxima-

tion is selected to fit two points on the

curve, For the small signal model, the
linear approximation is made to fit the

slope of the curve at a point.

b. Dynamic Model
1) Yiece-wise linear C.
Cj3
Cio——
c vdl
il
J —7 / ‘ byl
_../ ? |
C.
J } | | |
Yo Vi |V3 V—a>u
o wv.
2
VK
Q1
Ci1= v - v
J 0 1
V1 Vi N
Vo Vo
(VK v)~(N-l) -V,
Q = K
0l l - N




2)

NOTE: Piece-wise linear (1 segment) C can
be used with basic non-linear diode, as
C. non-linearity is not of first-order

importance.

Piece-wise linear C

D
T
Cp1 = EI for v <V
T.
Cha = ﬁ; for vy < vg v,
T
Ch3 = R, for v, < Vv,

[ \®)
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Linvill Lumped Diffusion Model

Here the distributed properties of the semiconductor
are lumped for sections and represented by diffusances,
combinances, and storances. These elements relate to

excess carrier density, p, and current, i.

JUNCTION PO Pl P2 P‘3
S T |
E?%aff;/ r’ | I
I |
P é% | ¢+ 1 1 N

/ 7

" 1 2 3 4
Depletion

Region

oHi

ll A

l Diffusance

3
|
— r;E |
p—— H, =l
Cowbinance Storance ‘
| |
1 l N L
Section 1 1 Section 2 ri Section 3




For a diffusion diode, the continuous properties

of recombinaticn, charge storage and diffusion

are replaced with lumped elements called combinance,
storance, and diffusance respectively. These ele-
ments are analagous to conductances and capacitances;
they differ from the normal electrical elements in
that they relate current and excess minority carrier
density rather than current and voltage. The word
"carriance" can be coined as an analog for the elec-

trical "admittance".

It is possible to develop a variety of lumped models
depending on how many pi, tee, or L sections are
used, Here we will describe the simplest lumped
model that is significantly different than the
classical model. This is a single section, 3
carriance model in the form of an L, here called

the "single-L",.

In contrast to the non-linear diffusion capacitance
of the classical model, the storances and the other

carriances are all linear elements;

The schematic diagram for this model is as follows,

where p represents excess carrier density

oo

J

JUNCTION

2-13




Excess carrier density is related to junction

voltage as follows:

v./V
p=P; (€7 ° -1

where Pg is the saturation excess carrier density,

The steady state current,

DC Hl + H2
(€77 - )

lDC=PSH+H

This permits identification of the Linvill model

thus

parameters in terms of the Ebers-Moll parameters,

L o (_i‘_l__‘iz_>
S S Hl + H2

As the carriance level (similar to admittance or
impedance level) is both unknown and unimportant

for external purposes, the term

can be arbitrarilly set equal to 1. This makes

P_. numerically equal to I

S S’

The diagram above is not a complete and clear model,

Therefore it is replaced by the circuit model below,




which uses R's and C's to model the carriances
and uses 2 generators to make explicit the behavior
of the junction in converting between voltage and

excess carrier density.

l
[
<
el
||
I
0

The equations for the two generators are:

v./V

- J o
vp = Vps (e - 1)

iD = (Vp - Vl)/Rl

By setting R, + R, =1, V =1

1 2 ps S

Defining the diffusion time constant, T = R,Cp.

With one exception, all the parameters are defined
similarly to those of the classical model. The

exception is the value of R which is generallvw

2’
between 0.5 and 1.0, depending on the diode type.




B.

Model Performance

1.

Classical Diode

Static Forward Current: For forward current,
the equations are simplified with very little

error by assuming R to be infinite.

SH

i

Then i

i

j

~ i ~
and v = VO 1n (1 + IS)-+ i RSER

Static Reverse Current: For reverse voltage,
the equations are simplied with very little

error by assuming R to be zero.

SER

Then vv

and iTIig (e

2-16




Dynamic Forward Step Response - The voltage
response of the diode to an applied step of
forward current can ke approximated by consi-
dering it to consist of 2 sequencial phases.
During the first or delay phase, the voltage
rises almost linearly due to the junction and
stray capacitance, the time constant or dif-
fusion capacitance having little effect.
During the second or charge phase, the voltage
rises very little and thus the junction and
stray capacitances have little effect, but

the diffusion capacitance charges for a period

about 2 time constants.

Dynamic Reverse Step Response - The voltage
response can again be approximated by 2 phases,
a storage time and a recovery tame. During
the storage time, the diffusion capacitance is
dominant and the time constant governs the
response as fol.iows:

iF T iR

t. =T1ln
S -1R

During the storage time the voltage changes
very little, During the recovery time, the
voltage falls almost linearly due to the
junction and stray capacitance, the diffusion
capacitance playing almost no part.




2,

Lumped L Model

Static Behavior - The static behavior cf this
model is essentially the same as that of the

classical model, where
Ig = Vps/(Rl + R,)

and Rl + R2 = 1 ohm,

Dynamic Behavior - The dynamic performance

differs from the classical model performance in

D
this relationship, we replace the complete

the relationship between vi and i . To analyze

circuit model,

with 2 regional models as follows.

The first model is applicable when v, is positive
J

and uses no approximations,




p—= 1 v
1
; |

The second model is applicable when vj is not
positive. It approximates a very small regative

vp with a short circuit as follows.

The response of the entire model to large steps

of input voltage with a series input resistor is
approximated analytically by these regional models
if it is assumed that the diode forwara voltage
drop is small and the junction and stray capaci-
tances are negligable. It is the turn-off response
that is of primary interest. Thus we assume the
diode to be in steady state with a forward current
DR* The
differential equations for vp and v, can be written

iDF when the current is step changed to i

by inspection from the first or forward model,

-t/R2C

v = ( R, e + iDR (Rl + RZ)

P ipr = ipr

2-19




The vp equation can be solved for the time

required to reduce vp to zero, the storage

time,
1 -1 R
tS = R2C [ln ——-———-—Dlji DR | 1In R—+2R ]
DR 1 2
Let R, + R, = 1 and R,C =T
then
i -1
tg :T[ln 25 —28 4 1n R, ]
DR

As vp is reduced from a positive value to zero
at t = tS,
tion that

and recalling from the model descrip-

— - 1)
vp = Vps (exp(vj/vo) 1),
it is evident that Vj switches from a positive
value to a zero value, At this point in time,

we switch to the second equivalent circuit.

Here, the diode diffusion current, is no

1 )
longer a function of the external ci?cuit.
Instead it decays to zero strictly as a func-
tion of the internal parameters. We determine
this current fall time by defining a new time

variable, and a new current variable,

t - - i
t' = t tS' and lDRR

and noting that v, =

- ] ' —
1 = ~ippgR @t' =0,

2-20



then

The time for the current to fall to -.1 ip,

. R
tir1 = Ry Tln -3

F
tipy = (1 - R2YT(ln ‘I;’* 2.3)

The time for the current to fall to 'liR’
i

R
.llR

tipp = 2.3 (1 - R2)7'

The general equations for storage time and
current fall time for the family of single-L
models were developed above., To permit com-
parison between members of this model family,
other models, and actual diodes, it is desir-
able to normalize the equations. This normali-
zation is best done by equating the storage

time, t at a particular value of

s’ ~1pr/ 'DF"
For convenience here, we chose —iDR/iDFz .2,
where tS = ts 2 for each of the models.

To do this we solve the storage time equation

for the value of T that will result in a

2-21



storage time of ts.2 at -1R/1F equal to .2,

1l + .2
=T 1ln ¥ + T1n R2

1. 79T +T1ln R

4]
[\
1l

2

T= tg 5/(1.79 + 1ln R,)

To obtain the corresponding value of C,

T
C
R,

C = tS.2/(l‘79 + 1ln R2)(R2)

Using these equations, we evalue the model

parameters for several values of R

2

R2 R, T C
1.0 0 .559 tS.2 .559 tS.2
.9 .1 .594 tS.2 .660 tS.2
.8 .2 .639 tS.2 .798 tS.2
.7 .3 .696 tS,2 .994 tS.Z
.6 .4 .782 tS.2 1.304 tS.2
.5 .5 912 tS.2 1.82 tS.2
.4 .6 1,292 tS.2 3.23 tS.2
.3 .7 1.70 tS.2 5.52 tS.2

2-22



Figure 2-2 shows storage time vs, (iDF—iDR)/—iDR
for the above 8 models. As shown, these curves
are straight lines on semi-log paper. The time,
after tg, for current to fall to -.lipp, typps
may be displayed as straight lines on semi-log
paper by plotting against “iDR/iDF’ as shown

in the same figure., The single-L model with

R, = 1.0 has equations and performance that

are exactly equivalent to those of the classi-
cal model. It is apparent for these models,
that increasiné Ry decreases the storage time
for large ipp, and increases the time after tg

for the current to fall to .liDF.
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C. Parameter Evaluation

The models described are not, in general, accurate over
the entire working range of the diodes. Thus, it is usually
necessary to generate the parameter values for a specific
operating range of voltages and currents., For this reason,
and also because of the resultant mathematical problems,
the suggested technique for parameter evaluation is not to
make N operating point measurements and solve the resultant
equations for the N parameter values. Rather it is proposed
to make suitable approximations where possible to simplify

the equations for the parameters.
1., Classical Model

a. Vo: Vo should be determined from 2 data points,

at forward currents much smaller than iMF’ the
maximum forward current used for the diode.
and i and

Calling these points i v

1’1 22 V2°
assuming that the voltage drop across RSER
is negligable, then from the junction current

equation,

Vo = (vl - v2)/ln (il/iz)

where i, and i, are assumed to be much larger

that IS.

b. 1Ig: 1Ig can be obtained from one of the data
point equations and checked at the other.

Ig = i, exp(-vl/Vo)
check 1

s = Ig exp(vz/vo)

2-25



Ropr: Rggr €an now be obtained from the ivps

v data point,

MF
1 iMF)
R = = {v - V_ 1ln
SER lMF ( MF o IS

Rgy: Rgy can be obtained from the data point
for the maximum reverse voltage used, iyg,

and VMR.

Vi, K, N: These parameters, used in the junc-
tion capacitance equation, should be evaluated

as follows,

VK: Although Vg may vary with the diode type
and with temperature, it is suggested
that Vg = 1.0 volt be used, for simpli-
city, for all diodes.

K: Use the measured small-signal capacitance
at zero volts, Cy, with the junction
capacitance equation to obtain K = CO

N: Use the measured small-signal capacitance

@ VMr’ Cmp’ With the junction capacitance
equation to obtain

In (K/Cyp)

1n (VK - VMR)

N =

2-26



CS: If CS is known, it should be subtracted
from the data points used in the previous
section to obtain the junction capacitance

parameters.

T: T is obtained from storage time data. If
only a single data point in the range of use,

ts at ip and ig, is available, then

i, - i
F R
T: ts/ln ( _iR )

If it is possible to pick 2 data points in the
range of use, then the first, tg; @ ip; and
ipys should be chosen at a small ratio iFl/iRl’
R2? should be
chosen at a large ratio ip,/ip,. Consider

and the second, tSz @ ips and i

the 2 data points plotted an a graph of

i, -1
tg vs. 1ln (:E:I——B)
R

For most diodes, data points will fall on a

curve somewhere between a classical model straight
line through the origin and an Error Function
concave curve, The curves are shown in Figure
2-3.

To fit a classical model 7 to the 2 data points,

set the positive time error at point 1, t

El’
equal to the negative time error at point 2,
th. Thus, the equatiocas for the 2 points are

2-27
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+ t = T1n
t -t :Tln

Solving for T,

i - 1 i - i
T = (tSl + ts%>/?én —E%E———Bl + 1n —E%E—_-B%)
R1 R2

The error, t may now be calculated and checked

EJ
with the above equations.

Lumped Single-L Model

With the exception of storage time parameters, the
parameters of this model are very similar to those
of the classical model.

a. VO: Identical to classical model.

b. Vps: Set VpS equal numerically to Is in the

classical model.

c. R Identical to classical model.

SER®

d. R Identical tu classical model.

su*
e, VK’ K, N: 1Identical to classical model.

f. C.: 1Identical to classical model.

2-29



Rl’ R2, C These parameters control the

storage t?me and current-£fall time behavior,
Assume 2 data points such as those described
for the classical model. The Single-L model
parameters are evaluated to fit both points
exactly as shown in the storage time curve

previously described,

To evaluate the parameters, note first that
Rl and Rl are defined such that Rl + R2 = 1,

Next, to simplify the nctation, define

Then determine Xy the horizontal axis inter-
cept of the straight line through the points
tSl’ 1 and tSZ’ X, .
zero for the model,

o 1 t82 - tSl Sl

Then, from the storage time equation,

X At thiec point, t equals

S

tg = R,C (x + 1n Rz),

solve for R2:

lnR2 = -xO

R, = exp(-x.)



Next, using the same equation with point 2,

solve for C:

t z: R2 C (x2 - xo)

S2 -

tso

C =
R, (X2 - Xo)

Lastly, solve for Rl:

D. Diode Subroutine
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ARG (3) = CTo LIVVE TOTaL TuRMINAL CAFACITANCE

ARO(4) = LATA DIVDE PARAvETLR ARRAY o
ARG (S) = Flal quuE INITIAL CURKENT 7

ARY (o) = CaLvuk T FLAG = 1 uiv FARST PASS THROUGH SUHROUIT TIWF

ARG ( 7) = KTuwe FLroe SET Tu 1 FUR DC CAaL » Tu 0 FOR 1TRaNSIH T

bulben KESTISTALCE A0ST ot INCLUbeD Tiv exTerNAL CIRCUIT IF OESIREDL

DATA(L) = 1S REVERSE SATURATLUIN CUKRENT

bala(2) = oo _ rEVeRSE LLAKAVE CUNDUCTANCE o o
T UATA(3) = AU LHARGE RECGLVEIRY TimkE CONSTANT

Daia(4) = vn UlUol CuiTaLT POTeNTIAL

Lala(b) = . JUCTLION ORADANG CONSTANT

uATa(o) = K berLETIUN CAPACITANCE CUNSTANT

GATA (/) = UL STHAY ANU CASL CAPACLLIANCE

VAla(L) = wu CTALiMAL POTeMETAL KT/w

Ll eodOn UATA(S)

IF{hivl=1) 1Uelrl

IF(LaLGR=4) oebhelu

lu = lultni T Inbl)
LoSkFald

aU To 1%

1y = VukeL ¢ LokirLior (vn/vo)=1)

Flezuprla(i) s (LxPF{VFLU/Z JATACE) )=10)
FliucriC+vFosLnala(p)

IF(A!JC~1) iLelhelb

Lo = Con + RZCIVK=V) x400) + (TAU/VUIA(TOHIS)

11 L1u-uﬂfu(l)+ua16(n)/(()AIA(4)—vFu)**uA1A(‘)l*(pATA())/HrIA(Ri)

14(F 1 tunaTA(L))

1y COHY g sue

e T
EaulLledstirtoursthiedotdodrus’ rUrloUed)
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III.

TRANSISTGR MODELS

A,

Model Description

1. Ebers-Moll Transistor Model

The Ebers-Moll transistor model is strongly based
on the diode model., It views the transistor as
composed of an emitter diode and a collector diocde
with current generators across each diode to repre-
sent the transportation of current carriers through
the base region,
A general schematic of the model is as follows,

'ER tcr

— -
N L1
B

The character of the diodes has been described
previously. Each of the 2 current generators
develcops a current proportional to the junction
current of the other diode. Thus iR = CZN iEj
and iER = CLIiCj’ where the alphas are propor-
tionality constants representing the fraction

of emitter junction current reaching the collector
and vice versa. The detailed model is shewn
below.

3-1
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In the original Ebers-Moll formulation, the alphas
were regarded as frequency-dependent with single-

pole roll-off characteristics. Here, with constant

alphas, these diffusion poles result from the pre-

sence of the diffusion capacitors.

The model parameter are subject to one additional

constraint as follows,



2. Linvill Lumped Transistor Models
A variety of multilumped mcdels can be made for
transistcrs as well as for diodes, The simplest
model, which is functionally identical to the
Ebers-~Moll model, is as follows,
RE |||HD R
__}vA'Af I I ‘v‘v‘-
a1 = L = c
| | c1L|J51 2 |He2 e
| L
2%
REB RCB

In this model, H carries the normal region re-

Cl

combination current, S, contains the normal region

1
stored charge and HD carries the diffusion current.
Ho, and S, are for the inverted recombination

current and charge,



B. Model Performance

1. Ebers-Moll Model

a., Analytic Solutions of Static Equations

“ER o <-CR
, 1
1 1 1 C
E R o DE DC R, -
E o——AAA——[F[P]- + [N ——\\\——oc
] ] []
- E B C -——-'—D
1 i
E . C
s R
| o=,
J\R/\/\, AN\
EB , Rep
lBl
B

As the transistor equations are somewhat more
complex than those of the diode, we will first
develop the eguations for the idealized tran-
sistor without series and shunt resistors,
using a "prime" symbol to denote the idealized

terms, The equations in this section are static
(D.C.) only.

3-4



The basic equations for the "components" of the

model are as follows, For the 2 junctions,

ing = Igc (€

. Ve’ Vo
DE = “SE (€ - 1)

where V5 and Ig both are positive for an NPN
transistor and bot» negative for a PNP tran-
sistor,

For the 2 current generat:~ .,

1ER =°'1 ic

Additionally, the 2 saturation currents and
the 2 alphas are related by the following

equation:
Isc Oy
Ik Q;

It is to be noted that for the model abcve,
the alpha current sources generate currents
proportional to the external currents, not
the internal junction currents. This conven-
tion results in the following relationship
between external and junction currents.

(1)

(2)

(3)

(4)

(5)



‘umming currents at the nodes,

. . Lo
lo = 1pc ~2cr 7 =1
S | — 3 - O | L | — 9
ig = ipe -Qyip ¢ ip =1
[} — _ a - s ¢
i = ipe ~Qylipp - ig)

_ ipc ~Qy ipg
¢ l-ayqy

Similarly,

i

pE ~ @1 ipc
1

-0y a;

The relationship between base-emitter voltage

and base aiid collector currents is developed

as follows.

From (2)

I + i
SE DE
BE o) ISE

but

ipg = g * Qg i¢
and

if = -if - if
therefore

ipg = ~ip - (1 -Qyp)

3-€

DE

DE

1c

ER

- Q.I:LC

(6)

(7)



and

I, - it - (1 -Q@) i/
Vz'aE"Voln(SE BI Q, c) (8)

SE

In a similar manner, it can be shown that

I -Q, iL + (1 -Q,,) i}
vo 1n <.SC N "B N C) (9)

ISC

The equation for collector-emitter voltage can

now be developed,

' _ ' - ’
Vee = VBE T Ve

Substituting (8) and (9),

I (I.. - 4i' - (1 -Q_ ) i’
vi_ -V 1n(=SC_SE_ _B _ 1__¢C_ (10)
)1C

- " -
CE o ISE(ISC G,N iy + (1 a’N

Under most normal conditions, the base current

is much greater than the saturation currents
and equation (8) may be simplified.

Thus for iB >> ISC’ in terms of i,

o ISE

I

-i' (1 + (1-Q.,)i'/it)
v ‘!Voln<5 ICD>
SE
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-1i! (1 -Q)it
v~ B 1'"C
VEE = Vo [ln ISE + 1n (1 + i}'% )} (8a)

in terms of i,

g
V'BE = VO 1n I
SE
[ -ié (lé
o~ .
v =V In — + 1ln — +1-Q ] (8b)
BE o ISE 1C I

Equation (10) may also be simplified when the
currents are large compared with the saturation

currents; using (5),

Ay (i - (1 -Qp)iy ] (10a)

véE =V In [‘11 (-Q,Nié + (1 -Q,N)i(':

The following form is also useful:

il

C

-a 1+ (1-ap)yv
vi_. =V ln(: N . j>+ 1n B
CE o il Qa;

Ay + (1 -ayie
B

(10Db)

The equations for VéE are of use primarilly for

a saturated transistor, as VéE is almost indepen-
dent of the current in the active region. Thus

it is also useful to develop an equation for
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collector current in the active region. From
(10),

-Q
11'3[ N, Ay exp(véE/Vo)] + aIiSC(l - exp(véE/VO))

a
L 3 (11)
N '
qa, - Qy + (1 -Qy) exp(vig/V )
for VCE >> Vo,
o~ 2B OGN 5@
C l °aN
and for ié >> ISC’
Qn
e et | NN ‘
ig = ( — (lla)
B \1 a,
The above equations are developed for the
"intrinsic" transistor defined by the "primed"
currents ané voltage, Equations (8), (10),
and (11), the equations for base voltage,
collector voltage, and ccllector current may
now be modified to account for the series
and shunt resistors.
v ,
For i_ >> 1 and i_ >> CB ,
“B SC B R
CB
VBE = VBE -1BRB - (1B + iC)RE (12)
—_ . - - .
Ve = Vee “icRe - (g + iRy (13)
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v
- (14)

Analytic Solutions of Transistor Dynamnic Equations

Approximate solutions for the current step response
of the grounded-emi+ter RC-loaded transistor cir-

cuit will be developed. The circuit, with the

1]

Ebers-Moll dynamic transistor model, is as €ollows
(series and shunt resistors are omitted from the

model here in the interests of simplicity):

it
B
ml-‘-
“}
Q
»)
s
I
[
o]
=4
.
- -Q——l Cr
(3]
- -
txj S
cT '—@
—_— ). .
o]
o]
<
(@]
(@]
N
Y4
N e
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1)

Cut-cff Region Solution - The cut-off region
is formally defined by both the emitter-base
diode and the collector-base diode being
reverse biased. However, as our purpose
here is to develon an approximate equation
for the delay {ime of the cdllector response
to a base step of voltage through a source
resistance, we will extend the definition.
Thus we say the transistor is virtually cut-
off until the collecter current reaches 1%
of its final value, iCF'

Within this region, we can simplify the
circuit by neglecting the diffusion capa-

citances. Thus

CDE=O

n

C

DC C

Also for -1B >> ISE’

e

lDC 0

For an initial base voltage, Vgo> and a
base voltage, Vpyxs corcesponding to .01 iCF’
the charge-equivalent linearized junction
capacitances, CjEL and CjCL’ may be cal-
culated. By further assuming that the net
change of collector voltage during the delay
time is zero, we can write an equation for
the base input capacitance, CBI:

Cop = C.o. +C (1)




2)

Lastly, by assuming negligable base input
conductance during this delay period, the

delay equation can be written by inspec-

tion:
vV, -V
S BO
t. = R.C ln ——— (2)
D S BI v VBX
where
~.01 1
Voo V. 1ln ——== (3)
BX 0 ISE

Normal Region Solutions - The normai region
is defined by the emitter-base diode being
forward biased and the collector-base diode
being reverse biased, 1In this region it is
possible to make two simplifying approxima-
tions. For VCB > 0 and -iB >> ISE ,

: ~ ~
lDC = 0 and CDC = 0

Then, summing currents at the base node, using
linearized equivalents for the junction .capa-

citances,

dv dv
| BE BC
igr * (Cpg + C5pn) Fe * Cjer @& - ° ()

ip) (2)

Noting that iog = CLN (lDE - ipp

and i = a

er (ipe - ing) (3)



which 2 equations can be reduced to

O (2a)
i = i X ™A F~— a
CR DE 1 -Q.NG.I
and
S, -aNaI (3a)
ER DE 1 -a,Q;
Thus
1 -(LN
*‘DE ~ *cr T 'Er T lDE T-aNa.I
and
i+ i _~}_:fi§ + (C + C + C ) EZE - C EZQ =0
B DE \1-Q Q, DE JEL jer’ dt jCL dt =
(1a)
where the single subscript voltages are
ground referenced,
iDE
i ~ -
Noting that Cp. & T.. v_ (4)
and that
de . de diDE (s)
dt dlDE dt
l -Q di dv
. . N DE B _
g t ipg (1-Q,N a],)+ Toe a3t *{CjEr*CjcL) ax
dvC
CjCL i = 0 (1b)
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Defining the base diffusion current, iBD’
as the base current exclusive of the junc-
tion capacitance currents. then (1lb) may

be partitioned into

1 -Q di
. , N DE
sp * lpE (1 -a,a, /) - Te 5 =0 (7)
and
de dvC
ig ~ igp * (Cjpp * Cyeu) I© T Cjer Tae - O (1e)
Solving (7) for iDE‘ using the Laplace
Transform and denoting the initial value
of i, 3 lDBO‘
1-Q. |
‘oo * e \T-G Q] Toe ®) = Tog ‘pgo - © (7a)
-1 + T, 1
~ BD ° DE "DEQ__ ..

Definring the Normal Regiom common-bage
shorted-collector time congtant,

and the Normal Region common=emitter
shorted collector time constant,
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(8)

"
>
+
Z
o)

B
where

A

i
[
)
o
2z

1., = =5 (7c)
DE +‘CBN
Then from (2a),
. s Iep By icro (9)
CR ~ 1+ ZAN S
where
Lo oo,
CRO 1 -G,NG,I DEO
is the initial collector generator current,
Next, summing currents at the collector
node,
dv
. . CB
- )
Expanding (6) to include the separate
external currents at the collector node,
dv Vo = V dv
C c CC . CB
L3t R, t iRt CerL @2 =0 (6a)



dv dv v v

y =S B, C_ € 4i -0 (6b)

(€ + ¢, at ~ %jeL at * R R CR

jCL

()
-

Solving (6b) for Vo, using the Laplace

Transform, and defining

C =C. + C. (10)

and
_RC | 11
1; Ry o (11)
dv dv
T £ _c —B i v, -v.. + iR =0 (6c)
p at '~ SjcrRL 3t ¢~ Vee t icRRyL T
de

To simplify this equation, assume 3c

\

. . dv
1s negligably small compared to EEE -
Then
dvc
—- - i o
Toda 1TV~ Vee t lcrRL =0 (6d)
Transforming (6d) and denoting the initial
collector voltage as Veo?
7; (VCS - VCO) + VC - VCC + ICRRL =0 (6e)
Assuming a step for Vee?
v
. _ LC
\CC - S (12)



Then

V. = __7-2_‘1(3_0_ + ____Y_C_(_:__ - Efn_R_I&. (Gf)
cC~ T.S+1 S(T. S+1) T  S+1
P |% %
Returning to the base equation (8), we
repeat the simplifying assumption that
dv dvC
3t is negligably small compared to ac -
Then
dvC
ig = igp ~ CiecraE = O (8a)
Trans forming (8a),
Igp = Igy - cJ.CL (vC S - "co) =0 .8b)
Assuming that Vg is a step of amplitude
large compared to Vg then iB is also a
step and
i
~ B
Ip © re (13)
and
iB
5 ~ Isp ~ Cjer Vg S - Vo) =0 (8c)
iB
IBD = —§ - CjCL (Vc S VCO) =0 (8d)
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Substituting (8d) in (9a)

Icr = A\I<_ = CienlVes - co)) pNiCRo] (14)

Substituting (14) into (6f),

T v v
_p_CO -_Ccc__ _
Ve Ts+L 1 S(T.s+1) (14a)
p p
R .=
L N'B -4, 1.
( pS+l)(1"6NS+l) ( + IBNC]CL jCL"co + TﬁN‘CRO)
v (14 ByRLC scL’ __) T VYo N Vee (14b)
C (Tps+l) (T S+1) - Tps+1 s('rps+1)
R 78 i
L_ N'B .
(T_S+1) Ty, S+1) ( 5 AxCicrveo * Tlecno)
(T.v.S+v_..) (TaS+1l) 4‘]1
pVcoVec N Ry _ .
S A + + R BCicrVco™ B Tnicro

ETﬂN s° + (Tp + '1,'5N +/5NRLCJ.CL) S +1

Von + R A
TaVon S + To Voo + Tax(Ve = Rei o) + —< 1Avts
Te"8N"co A Vco T 788'Vce T Lcro s

2 (144d)

'1'p TANS + ('rA +7k‘.‘) S +1

~ 18



where Ty = ((B+ 1) c o +Cp) Ry (15)

Ta Veo Vee - Rpicro Voo f RLA\llB

Vo S + —— + +
co ’rp‘,;N . 1;’ 'Tfl)% S (14e)
(T. + Tz..) S
2 A AN 7 1
s° + 7 + T
To AN L
Vee ~ Veo ~ Rrlcro . Jec T Veo + R Byip
Vco To To Tan S
s ¥ T T T (14£)
2 A BN 1
St TT7 St TT
p AN p AN
Denoting the poles and the driving voltages
as
T - 1 2
10 L = 3 (TpN t Ta N (TaxtTa)™ = 41;6NT9) a2
Vi = Voo T Voo * By Rpip (17)
V2 = Vee T Veo T Bricro (18)
The Inverse Transform of (14f) is
Taw V
N ‘2
Vo = Voo #%;7} (exp(-t/Ti) - exp(»t/72)) +
(19)
( , exe(-t/T)) -T, exp(-t/"'z))
o\t T - T
+ )



Equation (19) is the general response to
a step of base current and collector supply
voltage with initial conditions vpg and
icro (ncte that i

base voltage,

CRO results from an initial

VBO). This voltage response
equaticon is considerably simplified when the
initial rates of change of collector and

base voltages are zero, Under these condi-
tions it can be seen from (&b) that v, = 0.
Thus Vo ;s zero when the transistor is in

an active region steady state when the drive
step is applied. Note that vy is, in general,
not zero when the transistor is leaving the
saturation region and entering the active
region in response to a base step. As indi-
cated previously, equation (19) is applicable

only within the active region,

This region is defined such that i is large

CR
compared to Igg and -ipp is smaller than Ige.
To aid in the use of the collector voltage

equation, the equation for i is developed

-

CR
below.
From (6d)
V.-V dv ’
. CC C C
crR T R, - S Tk (20) -
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LN

CR ~

CR ~

Vee VYeo Tan V2
R, R (T, - TR, (exp(-t/T;) - exp(-t/T,))) -

vy (1 i T, exp(-t/T)) - T, exp(-t/‘T}_)) _
R

Tl-Tz

C Ta.V -exp(-t/T,) exp(-t/T,)
P éN 2 1 2
T-T, ( T ’ L > i

2

~exp(-t/T)) + exp(-t/'Tz)>
‘o V1 T, - T,

\Y%
. 1 '
Aty o, (€ exe(-t/T)) - Gy expl-H/Ty) -

I@NVZ (Cl o C )
- | & exp(-t/T,) - exp(-t/T,)
T -7 \T, Do 2

T
where C, = — =-2¢
1 R o]
L
15
and C, = — -~-2C
2 RL P
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n

Saturation Region Solutions - The approximate
solution tc the step response of a saturated
transistor was developed by Moll. We described
the results here, using notation consistant

with that of the previous sectiorn.

The saturation region is defined by both the
emitter-base diode and the collector base
diode keing forward biased. In chis region,
two simplifying approximations are made,

both based on the relatively small variations
possible f-r Vg and Vo. First, the junction
capacitances have negligable effect and may
be neglected. Second, the base and collector

circu “ts may be regarded as current sources,

Assuming that i,_ was at & steady state value

of iBl prior tobzero time, aad that ib steps
to a value of ‘g, at zero time, and that

ic = IC both prior to zero time arnd during
the storage time. Then for

(1 -0y Q)T

where
c Yo
DC lDC

1 -a [aNiBZ - (1 -Qy) i - (1)

N™"1
Qy (ig, = ip,)
N1; ?11; B (o exe(-t/T) - T, exp(—t/1§)]
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cr

W, > W

- -a
N . .
= T-aya; [le (1 -G i, - (2)

ig) ~ ipp
7 (T, - T) exp(-t/T) - (T -T) eXP(-t/T)ﬂ
y - Y Y
where
T = VW, i T, = l/(.oy (4)
and
-l werw) AWy +w)? - sww (- A )
y 2 N I = N I NYVI NI
(5)
The storage time, ts’ is the time required
for ier to get to zero. At t = ts’ iCr is,
in general, not equal to ic. The equations
are valid only for times such that neither
i, mor 1. change their polarity.
Linvill-Lumped Model

As the performance of the simple lumped model described
in the previous section is identical with that of the
Ebers-Moll model, separate equations for it will not

be developed.

It is worth noting here that the Single-L lumped
diode model may be used in place of the Ebers-Moll
diode model for either or both diodes within the

Ebers-Moll transistor model.
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C. Parameter Evaluation

The transistor modelg, even more than the diode models,

are accurate over only a limited range of operating points.

This 1is so primarily because the model uses constant alphas,

whereas the transistor alphas vary appreciably with current

level. The relative complexity of the transistor model

makes it highly advisable to select a set of data points

such that each parameter is evaluated as independently

of the others as possible,

1. Ebers-Moli Model

a.

For

\'

o -

\Y
o

From the model performance section,

I - i! -
_—_— SE B
v = Vo ln<: I

(1 - G,I)i(':>
BE SE

ll
~ E
. ' = U .
For |1B| >>| Igo| and CLI K1, vge 2V In T,
2 data points, ig1’ VBEL’ and 1o’ Vegoy
Vo = (VBE1 - VEmo
If the 2 data points are chosen at relatively low

)/In (if /ir)

currents such that the voltage drops across the bulk
emitter and base resistors, iE':RE and iéRB , are
less than a few millivolts, then the same equation
is approximately valid for the terminal parameters:

~
—

(Vg1 - Vpgp)/1lnligy/ig,)
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b. ISE

ISE can be obtained from 1 of the above data

points and checked at the other,

Igg =g exe(-vgp /V,)

C. (1N

Alpha-normal should be determined at a current
level in the center of range of use, with a

data point i at a collector-emitter

B3’ ‘c3°
voltage, "CE“' For a transistor used as a

9
switch, Vo3 s»ould be just outside of satura-
tion; for a iisear application, the middle of

the operating region should ke used.

If iB3 is much greater than the collector-kase

leakage current, VCB/RCB’ then

o Aeg/ipg
Oy = (ic3/ip3) + 1 '

If iB3 is not considerably greater than the
leakage current, then an additional data point,

icgs ip, is needed, where iC4 <L iC3'
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Letting i ,.- 1 = Al

C3 C4 C
and 1B3 - lB4 = AlB)
a AlC/AlB

N (AlC/AlB) + 1

a. a;

For those very rare applications where a tran-
sistor is used in the inverted region, G'I can

be evaluaced in a manner similar to a‘N

For most applications, the primary effect of
CLI is on the collector-emitter saturation

voltage. This suggests evaluating G'I from
a deep saturation data point, From the pre-

vious section, for -ig >> ISC’

vl =V_ 1ln

Ay (-ig - (1-Q)if ]
CE o

Q; (-Qyip +.(1 - Qylig

For i(': = 0, this equation reduces to

1
] ———— .
VCE V_ 1n <11

Il

Thus

It

—y!
Q; = exp(-vep/V,)
The data should be obtained at a base current,
iBS’ within the range of use but small enough

to make igs - RE negligable.
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Where it is advisable to determine GT at a

non-zero iC5’ the véE equation may be mani-
pulated to give

1+ (- aI)iCS/iBS “Gy t (1 -Ay)igg/igs exp("CE

a«I B -aN

Calling the right side of this equation "K",

then
o - 1+ 1C5/1B5
I K + lCS/lBS
e. Ige
No new data is needed to evaluate ISC:
. _ Ise Oy
SC CLI
f. RE

RE can be determined from 2 data-points at a
fairly, high current level, such as that used

for thea,N eval uation. Using vB3a @ iB3’

, and v.,; and v @i and i, = 0,
C3 C3

i B3b © 1pj3’ c

(1- Q)i .
VBE3a ~ VBE3b = Vo P\l 7 i, - Ic3Rg

- (1-&,)i ))
T°°C3 1
R, = v - v - V_ 1n (l + - -
E ( BE3a BE3Lk (o) 1B3 lC3




Rp

RB can be evaluated from 2 previous measure-

ments, vgg) and ig; @ ig

O, and VBEBb and

ips @ . = 0.

(R, + R.)

Vee3b T Veel = Vo 1P T - ipy (Ry

i
i} i i} B3\ _1
Rg = <VBEBb Vez1 T Vo 1P 3 ) T - Rg

Re

RC can be determined from an additional data
point in saturation at relatively high currents.

@ 1i and .5 1i___.

Using v B3 c3

CE3c

Sigs
g3 ’
51

TTTC3

CLI (-ClN + (l‘CLN)'—I;;—Q

oy (-1 - (1-ap)

.51C3 R, - (.Sic3 + 183) Rp

.51
Qg (-1 - (-0 ——=2

B3
=} v - V_1ln -
C CE3c o .51c3

aI(-aN+ U—QN)—ig—)

)

i

C3 B3
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REB

A data point near the maximum reverse emitter-
base voltage to be used is required to evaluate

@ VBE6 with lC =0,

v!_ /V
L BE" "o _
~ip = Igg (€ 1)

For an appreciable reverse voltage, ié = ISE'

BE
R =
ER lB - ISE
R _ —_'BE6
EB lBB - ISE

RCB

Using a data point near the maximum reverse
collector-emitter voltage to be used, i, @

B7
VBC-.’ with lE = 0,
-v
BC7
RCB B | -1

(@
!

8

\

‘ -‘ "-.J ‘l.




k.

CjE parameters: VKE’ KE’ NE

In most cases, the arbitrary use of VKE = 1.0
volt should be satisfactory.

From the equation rfor CiE’

C.. = .
JE

(v Np

«E ~ VBE’

Using as data 2 small-signal measurement of

CRE1l @ Vg = O and i, = 0 to evaluate Kg,
Xe = CgE1
Using a similar data point, CRE2 @ the maximum
us=2d reverse Lasc-emitter voltage, VuER® with
La

i, = 0,

. 1n (KE/CBEZ)

E - In (Vgg = Vygg)
CjC parameters: VKC’ KC, Nc
Again, arbitrarily let VKC = 1.0 volt,
Using the small signal CBCl @ Vpe = 0 and
i, = 0 to evaluate KC,

KC = CBCl
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Using C 2 @ the maximum used reverse base-

BC

collector voltage, VBCR?

1n (K./Cyay)

N

C~ 1In (Vgo = Vpep)
CDE parameter: Tﬁ
T. is the effective time constant of the emitter

N
junction., For a transistor that is used as a

switch, 7& is best evaluated from current step
response data. For an "on" step of base current,
iBFl’ which is small compared with a collector
current, i.p;, the collector curreit rise time is
approximately defined by the following equation
which is derived from the general equation in

the previous section,

i
N BF1l
t = | + 1)(C.,.,R, + T..) 1n /3. e —
IR pN jCLL N /5N1BF1 .
where
By - T
= T - 5
N~ 1 (lN
and CjCL is the linearized collector junction
capacitance over the collector voltage range
from Vep orr *° Vep-oN-
QjC
CijeL = ¥ - v
J CcB-ON ~ VCB-OFF




It is apparent from the equation for tIR that

a more sensitive evaluation of ﬂk is obtained

by using a value for R, such that

T 2> CicLRL

Thus for RL‘E 0,

i
Axipr1
T = t__/(( + 1) in . .
N 1/ By ngl BF1~ ‘CF1
whereas for RL £ 0,
Ty = -C.oy By + too/((B. + 1) 1n Ppr)
N = "CjefL 1= By Biinr - iort )

For linear small signal transistor applications,
the collector current cut-off frequency, fG. or
£, , may be used to obtain 7&. Tl.e data should
be at a relatively high current level s0 that

error due to ch is negligable, Here

1
7& = (Ei + 1) 2?TECL

or



. T
n. CDC parameter: 1

~ T inc
pc = T -aydy v

O

0
?

With the exception of the rare case where a
transistor is operated in the inverted region,
7} is of interest for its contribution to the
saturatiocn region behavior. As was previously
shown, the storage time in rosponse to a step
of base current is a function of the several
currents, the alphas and 2 time constants,

7; and T.. which in turn are functions of the

alphas and of 7& and 7}.

It was shown by "loll that a simplifying approxi-
mation for the step response storage time may

be made as follows,

T .
Nt Tp 1gr = 'BR

t., = —= 1n - =
S 1 'CIﬁC1I (iop/By) ~ipr

thus
T a. o “BF_~ 'BR
= =-T_. + t_(1- )/1n <= =
I N S NY1 (1CF45N)—1BR

Here again the currents should be chosen near
the middle of the range of interest,

D. Transistor Subroutine
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cccCcocCcCccCcCoCCCCCCCCCCCTC

SUT)Kuufl'J_r_ IRAR3(VisNcoFlLy FL2osCob o CLCrunTihrFl111oF12]1 LALGFT R T0C)
SUQKUUIINL IRind(VlovesFLIoFL29ClErCCCrunTrek I1IsFLoLoblne 6rTekiuC)
EBers A Vol NOp=LI AR TikaaisIsT o MOLLL

AK2(L) = Vi sl TTER olouk VOULTAGL (PLUS FUR P POLLITIVD)
ARL(Z) = Ve COLLECTUR ODIOUE vulLlauE (PLUS FOR P PUuSITIVCe)
ARG(L) = 711 EMITTeR kAl CudRewl (PLUS FOR FLOwW P Tu W)

Akola) = Fle  LOCLECTUKR irACh CURKeND (PLUS FUR Fuouw P Tu W)
AR9(n) = Clc TOlAl EMLTTeR SHUNT CaPACLTANCE

Ao (L) = CCC FTOTAL CULLECTUR SNt CAPACLTANCL

ARV (/) = UWATA TRANSISTOK PARAMETER aRMAY

Ako(s) = FL11 INITIAL VALUE OF cMITIER CURRcNT

AOG(9) = Flol 1! ITIAL VALUL OF CuktcCTOR CUKRENT

ARG (aU)Z LALOFT FLau = 1 0a FIRST PAS, LihOUGH SUBROUTINF
NU(ll)— K¢ FLro SET 10 1 FOUR DC eade » Tu O FOR TRANSIE L]
BULK nESTISTANLCES MUST oF INCLJuby L ExTekNAL CIRCULY IF DESIRED
ohTa(l) = 1se unlA(e) = IsC LUIOUE SATURATION CURRENT
vATA(S) = oLt HATA(Y) = oLC VI0VE LEAKAGE COWUUCTANCL
DATA(Y) = An CcaTa(u) = wl CummOlv BASE CURREWT GAIN

__uAlAa(?) = 1w vAlA(b) = T1 __ ReCuVEKRY TIME CONSTANT

LATA(Y) = VKE DATA(L0) = VKC LIobt CUNTACT POTENTIAL
DalTa(ll)=s we DATA(LZ)= W DIGUE GKRAVING CONSTANT
DATA(LA)= Kt DATA(L4) = KO DIGUE CAPACIT.MCE COMSTANT
UATA(LSYZ Les DAlA(l6)= CCS vIOuk STRAY CAPACLITaNCE
DATA(L7)= Vu THERMAL PUTENTIAL KT/G

UIMenslod UATA(L17)
CIFTKIUC=1) 1uretel
1 IF(LALOFT=1) %5010

INITALLZE GClubt CusRELTS
5 FIL = FI11

Fle = F1l21

60 Tu 1%

ccCcocococ

EMITIER ANuU COLLECTOR CURRENT CALCULATIONS
16C= 1Sp*AN/Al

Filtz ISE*(eXPF(V1/V0)=1)7(1=niixAl)

FICz 1SCx(EXPF(VE/V/)=1)/(1=Aal%xAl)

Fllz FIE = AI*FIC + V1%GLE

Flé= FI(C = AN*FIE + vexGLC

10 AN = UATA(S)
Al = UATAl(b)
DATAZ2ZUATA(L) *aN/AL
D = le=AiN%Al
Sit= UATA(1) /U
S1Cz uATA2/D

FIE= SIE*(EXPF(V1/DATA(17))=1.)

FIC= SICk(EXPF(V2/DATA(17))=14)

Filz FIE=AI*FIC + V1*UATA(3)

FIZ=z FIC=AN®FLlE + V2%xUATA(&)

IFIKTOC=1) 11+15¢15

EMITIER ANU COLLECTOK SHUNT CAPACITANCE CALCULATIONS
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[ o g o'

11

T CJE=

ih

“vdtz RE/ZTVKE=V 1) *%iNt

Culz KC/(VKL=V2) ®xNL
CuoE= (FlE+SIE) «TN/V/
CoC= (FIC+SICL)=i1/VU
DE = UATA(Y) =vi
DC = VATA(1U)=v2

EMITTER JUNCTTION DEPLETION CAPACITANCE
COLLECTOR JUNCTIGN DEPLETION CAPACITANCE
EMITTER UIFFUSIUN CAPACITANCE

COLLECTOR UIFFUSION CAPACITANCE

JATATIZY 70E*xDaTaATII)

Culz UATA(14)/0C*xDATA(12)

SUSRULTLINE TRANS(VL s v2oFI1eFi2eCCEsCCCrUATAPFILLIvFI2IsLALGFTKTUC)
Cu=z= (FILE+SLE)*DATA(T7)/NDATA(17)

COC= (FIC+SIC)*DATA(KI/Z/DATA(L7,

CCCrz= Lur+lurtualh(ly)

CClz LuC+ututuaTA(le)

Cong Inutk
weTuros

i (LeUestredrtinloUoUesDpUrurUolUoy)
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Iv. ZENER DIODE MODEL

A. Model Description

For a Zener diode, normally symbolized as follows,

+ v

:—'r,\r—i
1

a model may be developed which consists of the ordinary
diode model plus an additional non-linear current generator
to represent the Zener or avalanche breakdown at a reverse

voltage. This model is as follows'.

+ -

<

[
-

—0)
1z
P S
| | Normal
‘{:D . ¥ biode
I i I '
D
- - @ ANN—p———
R |
- | — SER
| ] |
L AAA~ |
| Rsy |
| 1L
g
. _ s _ _ _ _ _ _ ___
_+A




All the components of the model except the Zener current

generator, 1 have been previously described for the

Z)
diode model. For the Zener current generator, an equa-
tion very similar in form to the diode ij generator is

suggested as follows:
i, = —Ix(exp(-vj/vx) -1)

where both Ix and Vx are positive constants.

This model was chosen because it fits the data showing an
inverse relationship between current and small signal

resistance in the breakdown region.

The equations for the non-linear components of the normal

diode are repeated here for convenience:

lj = Is(exp(vj/vo)-l)
c; - K =

di .
Cp = T a;l

B. Model Performance

l, Static Forward Behavior

By neglecting the small forward value of iz,
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~ i .
v = VO 1n ( 71 1) + 1 RS

S ER

Note that the forward behavior may be cf very little

importance in most applications.

Static Reverse Behavior
Neglecting the small reverse contribution of ij

and qu at relatively large reverse currents,

F:/ - 1 - . Y »
v = Vx (In ( 1/IX) + 1) + i RSER

also

T T Rggr

Dynamic Forward Step Response

The response is similar to that of a normal diode;
however, Zener diodes are seldom used in a manner

that would elicit this behavior.

Dynamic Reverse Step Response

Although normal diode charge storage and reverse
recovery are present, they are not brought into
play for most applications. The normal capacitive

behavior of Cj is sometimes of importance,
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C.

Parameter Evaluation

Normal Diode Parameters

The normal diode parameters of a Zener diode are
often of very little importance to its in-circuit
use, If the Zener diode is not, under any condi-
tions, forward biased, the normal diode components
can be omitted from the model. If the Zener diode
can, on occasion, be forward biased but the exact
forward behavior is not of importance, crude guesses
can be used for the normal parameter evaluation.

It is, of course, also possible to use the procedure
previously described to evaluate the normal diode

parameters.

v
X

Vx is best determined from a data point il’ vy
within the "Zener breakdown" region. A relatively
low current, such that i, RSER is very small com-

pared to Vis should be used. The small signal

resistance at that point, r should also be

zl’
determined.
7oy _
Then, \x ¥ -r 1
I
X

Ix can be evaluated from the same data as follows,

o~ .
Ix = -1 exp(vl/Vx)




D.

RSER

Although RSER
sometimes of importance to Zener diode operation,

is part of the normal diode, it is
It can be evaluated from a second data point within

the "Zener breakdown" region, 12, Vs and Iy, at

a higher current than the first data point.

Rser = Tz2 * Vi/i2
A check can now be made by calculating

—vX {1ln (—12/Ix) + 1) + 12RSER

and comparing with the measured vy

Zener Diode Subroutine




SUBROUTINE ZITOUE (VF)eFID9CTUsDATASFIDIoLALGFT4K1DC)

C NON=L1WEAK 2ENER DIODE MODEL L
C ARG(1) = VFD DIODE TERMINAL VOLTAGE (PLUS FOR P POS)
C ARG(2) = FID ___DIODE BRANCH CURRENT (PLUS FOR FLOW P TO N)
C ARG(3) = CID DIODE TOTAL TERMINAL CAPACITANCE
C ARG(4) = DATA_  DIODE PARAMETER AkRAY
C ARG(S) = FIDI DIODE INITIAL CURRENT
C ARG(6) = LALGFT  FLAG = 1 ON FIRST PASS THROUGH SUBROUTINE
C ARG(T) = KTDC FLAG = 1 FOR DC CASEs = 0 FOR TRANSIENT
C BULK KESISTANCE MUST BE INCLUDED IN EXTERNAL CIRCUIT IF DESIRED
C UATA(]l) = IS REVERSE SATURATION CURRENT
¢ LATA(2) = GL REVERSE LEAKAGE CONDUCTANCE o
C UATA(3) = TAU CHARGE RECOVERY TIME CONSTANT
C DATA(4) = VK DIODE CONTACT POTENTIAL
C LATA(S) = N JUNCTION GRADING CONSTANT
C LATA(E) = K DEPLEVION CAPACITANCE CONSTANT
C UATA(T) = CSD STRAY AND CASE CAPACITANCE
C LATA(E) = VO THERMAL POTENTIAL KTVQ
C DATA(Y) = IX ZUNER CURRENT CONSTANT
¢ DATA(IC)= VX ZENER VOLTAGE CONSTANT -
CIMeNSION DATA(LO)
IF (KTUC=1) 109lvl
1 IF(LALGFT=]1) 545410
C 1D = JDCINITIAL) - i )
S FID= FIDI
6O T1O0 15 o
C 10 = vIeGL + IS®(EXPF(VD/VO)=1)=IX®(EXPF (=VD/VX)I=1)

10 FIC= LATA(L)I®(EXPF(VFD/DATA(8))=1.)

FIX= CATA(9)®(LAPF (=VFD/DATA(1Q))=14)
FI1D= VFD®DATA(Z)I*FIC=FIX

IF(KTLC=1) 11415415
C. CT10= CSD + K/((VK=VD)®&N) + (TAU/YO)®(FIC*IS)

11 CTD= LATA(7)+DAIA(6)/((DATA(4)=VFD)®®DATA(5))*(DATA(3)/DATA(8))
1*(FIC+DATAC(L))

15 CONTINUE
RETURN
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V. TUNNEL DIODE MODEL

A. Model Description

For a tunnel diode, normally symbolized as follows,

i § 5 4
L1

or as follows,

S
' ¥

a rodel may be developed which consists of the ~»rdinary
diode model plus an additional non-linear current
generator to represent the tunneling behavior at small

positive and negative voltages., This model is as follows,

; ‘T

i .
I

C Normal

. ] (]5:} — AANAN~ i .
iy l o RsEr ,
1,
I J
| | ;{su 4 '
=




With the exception of the tunnel current generator,

iT’ the model is identical with that of the normal

diode. An empirical equation was developed for iT

as follows,

V.

S 1 _
i, = exp( vj/VT)

T R

where both RT and V,, are positive constants.

T

The equations for the 3 non-linear normal diode com-

ponents are repeated here

H.
il

I (exp(vj/Vo) - 1)

Model Performance

1. Static Forward Behavior

The forward behavior is that of the normal diode

in parallel with the tunnel current generator.

By differentiating the tunnel current expression

with respect to Vj’ the slope of the tunnel current

characteristic is
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v
_ 1
dvj RT VT

) exp(-vj/VT)

It is evident that this derivative represents the

small signal tunnel conductance, I Thus
L le
°T —  dv.
J

It can be seen that

for v. < VT’ Y > 0

J
for Vj = VT’ Ip = 0
for vj > VT, gT < 0

Thus the tunnel conductance changes from positive
to negative polarity at vy = Vp. Therefore, Vg
is the approximate peak point of the diode, as
the normal diode current generator, ij’ has very

little effect at the low VT voltage,

The presence of the exponential multiplier in the
expression for iT makes iT decrease rapidly as

the forward voltage increases beyond Vj. The
decreasing iT’ when summed with an increasing ij’
results in a valley point of minimum current.

At forward voltages greater than this valley point,

the normal diode current, i increasingly dominates

J':
the behavior. Thus the overall small signal con-
ductance becomes positive as the normal diode slope,

gD, dominates the decreasing negative dop-
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Static Reverse Behavior

The reverse behavior is dominated by the tunnel

current generator. The equation for i_ may be

T
re-arranged,

-1 _
, = RT exp (vj/VT)

This ratio may be defined as the large-signal
tunnel resistance as it represents a vector from
the origin to the operating point, It is evident
that, for increasing negative voltages, this large-
signal resistance decreases from a value of RT

for vy = 0. Thus the reverse current rises ever
more steeply for increasing negative voltages.
Accurate modeling of reverse behavior is often

of little or no importance in tunnel diode eppli-

cations.

Dynamic Behavior

The dvnamic behavior is due primarily to the inter-
aci.icn of the static "N-shaped" i-v characteristic

and the junction capacitance.

C. Parameter Evaluation

1.

Normal Diode Static Parameters
Vb, IS’ and RSER are the parameters to be evaluated
as RSHcan be regarded as infinite in value. The
evaluation of these parameters is somewhat more
complex than it is for an "ordinary" diode because

of the presence of the tunnel current generator.
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To simplify the problem somewhat we shall here assume
that RSER= 0. Thns, it is necessary to evaluate only
the parameters Vo and Is’ This may be done from 2
suitable data points.

One such point is VFP, IP, the Forward Peak Point.
As i the tunnel generator current, is virtually zero

T,
at this point, the data may be used directly in the dinde
equation as follows:

Ip = IS exp (VFP/Vo)

The s~2cond suitable data point is the valley point.

m and the
normal diode generator, ij’ contribute currer.t at the

However, as both the tunnel generator, i

valley point, the following equation is used:

. Iv--lTv = IS exp (VV /Vo)

where 1TV = lT at v = VV

These two equations may be solved for Vo and IS

after iTV is determined from the tunnel current genera-

tor equation.

VT

A data point at the peak point current and voltage,

ip and vp, can e used to evaluate VT. Assuming
VT = vp




Switch Diodes -~ For tunnel diodes that are
used as switches, RT should be evaluated
so as to satisfy the peak point data,
Ip'vp . From the tunnel generator

equation,

w
i

\Y
Tﬁ exp (- Vb/VT)

<
l

T Vp

Vv
Thus, R, = '369TE
p

Amplifier Diodes - For tunnel diodes that

are used as small-signal negative resistance

amplifiers, RT should be evaluated to satisfy
a negative small signal conductance data

point, gN1 at iNl’ VN1 - Assuming that i,

J
contributes negligibly.to IN1?

o _Vim _
Ry, = _9'r1 (1 Vo ) exp( vJ-Nl/VT)
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where

ViNl = Va1 T *niRser
and

Gy = 9y -

T1 NI T Ry

Sometimes the available data takes the form
of a maximum negative small-signal conduc-
tance, gy maxs at unspe:ified iNM and VNM -
By differentiating the equation for Ips

vy T RpVip

A9, vy "eXP(-Vj/VT)
- = (2-7h

\Y
it is apparent that the maximum gp occurs

at vj = 2 V. Thus dN Max occurs at
VNM = 2 V,,. Also

T
v -V .
. NM NM
NM Ry Vo
2 v
. T
iw= r exe (-2)

T

The equation for RT becomes

2V
Ry = - -5 f) exp(-2)
Ipm \ T
Ry = -.135
M




where

g =49 -
T™M NM RSER
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VI. CONTROLLED RECTIFIER MODEL

A. Model bescription

The controlled rectifier is one member of the family
of PNPN 3-junction devices. The distinguishing feature
of the controlled rectifier is that it is a 3-terminal

device., It is usually symbolized as follows,

-—
|
<
>
(o]
+
-

and sometimes symbolized as follows,

i e T

NP |N{P

S

The 2-terminal member of the family is the 4-layer
diode, symbolized as

i Tt

.- | .

or ‘ “Vag * K
-—




The 4-terminal member, sometimes cclled a controlled

switch, is symbclized as
—
¢ T _

N

or [ — Nlp

l

The model used here for all of the PNPN devices is an

extension of the Ebers-Moll type of diode and transistor

model. In terms of a diode sub-model, it appears as follows,

1gr1 1er 1gR2
o ™
~— E N l/] A' A
A\ — (D) —AA—
Rep — Rea
B z c
B c

The 3 diodes are representive of the 3 junctions; the
3 upper current generators model the transportation of
current carrier through the device. The iCR generator

develops a current proporticrnal to coaductive currents
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in each of the end diodes, with Q. and CLNZ as propor-

tionality constants. The i and iER2 generators develop

currents related by a’Il angRla,I2 to the center diode
current., The shunt resistors REB and RCA produce the
effects of current dependent normal alphas that are vital
to the base or collector triggering properties of the
model. The zener current generator across the center
junction provides an effect similar to the voltage depen-

dency of alpha that results in anode triggering.

Replacing the diode symbols with Ebers-Moll diode models

results in a detailed model as follows.

i i i

ER1 CR EEZ
— - —>
i . i . . i R
E' DE1 i DC | i, . i DE2 | A" "A A
EJ1 CJ “EJ2
—MNy—- (D=7 == DWW
-+ — -
“CDEl “CDC ucDEZ
I I "
11CoEL 11Cac Cac2
Ll I L
il
s
—VV\v —
—_
B' ?C'
Rp Re
B c




The equations for the model current generator« are as

follows.

For

For

The

For

All

the "dicde" current generators:

pel = Igp1 (exe(Vpp/Vo) -1)

i

It

DC Igc (explvpe/Vy) -1)

ings = Igpp (exp(vac/V) -1)

the "transport" current generators:

grl = %11ics

i =

CR Ayiignn ¥ Onotean

‘g2 = Qrzicg

alphas and the saturation currenté are related
Isc/Tgp1 = Om/%n

Isc/Igpa = Qnp/ Ay

the "zener" current generators,

iz = -Ix(exp(-vBC/Vx)—l)

of the constants above are positive,

by,




B. Model Performance

1. Analytic Solutions of Static Equations

Because of the complexity of the model, equations
will be developed initially for a model with no
series resistors, shunt resistors, or zener current
generators. Also, for static equations, all junc-
tion arnd diffusion capacitors are omitted. The

resulting simplified model appears as follows,

i . i i

ER1 CR ER2
— - —
' i i . i .,
lE DE1l DC lC E lA
N]P}- P|N —e {N|P °.,
- - i ‘ — — - —
Bl
The equations for the 3 PN junctions are:
ippy = ISEl(exp(véE/Vo)-l) (1)
ine = Ige (explvy /v )-1) (2)
ippy = Igpp(exe(vae/V,)-1) (3)
For the 3 current generatcrs,
igrr = @riic (4)
l1cr = Qupip ~Gpoip (5)
lgra = Qric (6)




The constraints on the alphas are,

Igo/Isg1 = Qn1/ Q11 (8)

Iso/Ispy = Qyp/ @y (9)

From the topology,

g = 1pp1 ~ 1gr1 (10)

1c = Ipc ~ icr (11)

“ia = ipg2 ~ igr2 (12)
Substituting (4), (5), and (6):

g = pp) ~Qnic (10a)

ic = ipc ~Qyig * Qyplia (1la)

“ia = ippy " Appic (12a)

Thus the PN junction currents in terms of the external

currents are

lDEl = lE + a.l.llc . (lOb)
_ 5 s s 0

lpe = ict Qyip ~Qyoia (11b)

iDEZ =<—iA + u’IZié (12b)

From the topology

iél + ié + ic =0 (13)
ié -~iA =0 (14)
iE': + 1'31 + 11'; =0 (15)




then

iDEl = -ig, - i, +a’11(+il'\) (10c)
ipg; = ~ipp - ia (1= Q) (104)
. - .' _.' - EO'Y - : n' l11 .
ipe = tip F Qg (mip - 1) Qi =€)
1 - 1 ! - - N} I

ipe = ~Qip + -Q -1, (114d)
iDE2 = -ip + (112(+1A) (12c)
ippy = -(1- Qp,) i) (124)

Solving (1), (2), and (3) for the voltage across

each junction,

VéE = VO In(l + (iDEl/ISEl)) (la)
I - i+ (1- ) (-1))
Vfgg _ Vo ln( SE1l QlI G'Il A > (16)
SE1l
véc = VO ln (1 + (iDC/ISC)) (2a)
I “Qaq ity + (1-QA - Qs ) isg .
Véc _ Vo ln<‘SC N1 ?l N1l N2 A) (17)
SsC
VAC = VO ln (1 + (iDEZ/ISEZ)) (3a)
I - (1-Q.,) i} :
VAC _ Vo in <‘SE2 ISE’ 12 A) (18)




For currents that are large compared to ISEl’ the

3 junction voltage equations can be simplified as

follows:

-ino + (1-Q_)(-i2)

véE = v, 1ln <; Bl T Il A (le6a)

: SE1l
Vo~ . _CI'N].illal'+ (l-CLNl-ClNZ)iA
VBE = VO in I (l7a)
SC

(1- ) (=1i)

VAC S Vo In 212 A (18a)
. SE2

For very small (111 and 012, the above equations
may be further simplified.

-i! - i
vig 2V, in <B—i——ﬁ> (16Db)
SE1
Q. it +(1-Q - )il
v v ln< N11B1 - N1~ Do’ 1a (17b)
. sC
vt ¥y 1n(—2 (18b)
AC 7 "o ISE2

At this point, we shall add to the basic model above,
those components that are needed for a complete model.
The most important component to be added is RBE’ the
resistor shunting the base-emitter junction, It will
be shown that adaing this resistor produces the effect
of an Q'N
mentally necessary for SCR operation, Additionally
RE’
saturation anode voltage that increases with high

that increases with current, which is funda-

a series emitter resistor, is used to provide a
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anode current, The remaining series and shunt
resistors are not vital to a model that is not
intended to be too precise, Also, as SCR's are
seldom anode voltage triggered, the zener current

generator that simulates this effect is omitted.

Thus the following complete static model will be
used for the SCR.

R a1
\ [N E} Pl . [ I i
E C
N P P N P —
’"‘\/A ':T {P_Np . {N P} A
1
E E \
l 1B1
BE
———‘VAJ\r
- ‘ p
RBE l

The "unprimed" and "primed" currents are related

as follows:

e = & ~ lRrBE
ip) = ig + iggg
lA = lA

where

: _ [
irse = VBe/ReE
The "primed" voltage equations become

i

i - -1
VéE ‘=“Vo 1n< B I RBE A
SEl

(19)
(20)

(21)

(22)

(lec)



o - Qg (igtipgp) +(1-CQ g - Qo) 1y
Vpe = V_1ln (17¢)
o I
SC 7
-1i
A
v! 2 V_1n ) (18c)
AC o] (ISEZ
Equations for the 2 important external voltages
are:
Vee = Ve T g ¥ Rg (24)
— ' —-— 1 ]
Vee = VBE (1B + 1A) RE (24a)
Vag = Vac T Vec * Vee * 'ERE (25)
Vag = Vac ~ Vec t Vpg - (ip *t 1a) By (25a)
Among the 4 terms in the expressicn for v it is

AE’
-VéC’ the voltage across the center junction that
is of most interest. It is now examined in greacer

detail.

a. Saturation Reqgion:

The saturation region is distinguished from

the normal active region by

VéC >0 (26)

Therefore from (1l7c), ‘aNl(iB+iRBE)+

(1-Qp - CQypliy  >Igo or, as Ign << dpgps

= Qg (igtipgpp)+(1-Q - Qo) i, > 0 (27a)
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| Quiigpe ~%y1 (-ip)
-1, > 0. +ad - 1 (27b)
N1 N2
The above equation is written in terms of -iA

and —iB, as polarities chosen are such as to

make these quantities normally positive,.

The shunt resistor current, is a function

iRBE’
of the junction voltages, which prevents a
simgle exact explicit solution of the equations,
However, useful results may be made by assuming
iRBE to be constant, which is approximately true
for all but very small and very large base and

anode currents.,

Note here that for the model chosen, the alphas
are constants. Also to fit SCR performance
wherein an anode current greater than some
minimum can be supported in saturation with

zero base current, it is necessary that

Cy; +Qyy > 1 - (28)

From (27/b) it is apparent that

for -i_ = 0, -i, (274)

. V .
for -i, = 0, -i_ > i (27e)

Equation (27d) approximately defines the Holding
Current, the minimum anode current that will be
supported in saturation with no base current,

Equation (27e) indicates what is apparent from



the model schematic, that the base current
must be greater than the current in the shunt
base-emitter resistor to provide saturation

with zero anode current.

Effective Alpha-normal vs, Actual Alpha-normal:

At this point it is of value to examine in greater

detail the interaction between the emitter diode

shunt resistor, R and the constant CLNl that

BE’
produces an effective alpha normal,(lﬁl, that
increases with current., The D.C. base-emitter

circuit is as follows:

*ER
e
, . | i
i il DE
- = =L@
- -+ -
L AAA
RBE
L

BI

From (16), for current large compared with ISEl

and for negligably small G"Il’

Bl A
Vi, = V_ 1ln =
BE (@) ISEl
From (15)
i [}
E
vi. =V_ 1ln
BE lo} ISEl
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The normal alpha affects model performance
through (5)

icr = An1ig ~ Oy2ia (5)

We may write an equation similar to (5) using
CLNl and ig:
i

' .
cr = @n1tE " QAn2ia (5a)

thus
al

N1iE =N g

and
.. -E
N1 © N1 ig

From the topology,

’..a.
il

L] []
g~ ig t Vpe/RgE

il

. . o)
i = il + 1n
E E RBE I

SEl
thus,
Qs =G ii/(it + Yo 1n —E )
C it/(it + n
N1 “UN1'EVE T R Tgp,

By arbitrarily assuming some values, this

expression may be plotted,

6-13
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X @ VéE = ,500

>
n
[0
c
3
(0]
-
]

= 100x @ VéE = .500

— = .026

For these values,al'\n/ a’Nl vs. 1. is plotted

below on a linear scale

t

———————+ l% - : |
d 100x 500x 1000x 2000x 3000x

It is evident for the example values that CL& ,
the effective alpha, increases rapidly for
emitter currents from 100x to 500x and more

gradually thereafter,

c. Normal Active Region:

The normal active region is defined by

] ]
VBE > 0, Vac > 0, and

véc <0 (29)
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Therefore, similar to (27b),

a li ‘(1 ('i )
N aRBE +aNl - ? (30)
N1 N2

The Normal Active Region may be further divided
into a Forward Blocking Region and a Negative
Anode Resistance Region. In the Forward Blocking
Region, normal transistor behavior is displayed.
As base or anode current is further increased,

the small signal resistance, rp = —dvAE/dlA ,

decreases from a large positive value and becomes
negative., Once in this Negative Anode Resistance
Region, increasing current will drive the device

to the Saturation Region,

Small Signal Anode Resistance:

An approximate exgression for Tas the small
signal anode resistance or slope of the anode

V - I characteristic, may be obtained as follows.
For the region wbare currents are large cocmpared
to the saturation currents and where IRBE is
reasonably approximated as constant, (25a) may be

differentiated with respect to iA’

-dv d

L ae __ Zac dVpe  9Vpp . R

A dlA dlA dlA dlA E
where

“dVac v L

dlA (o) "lA
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and

WVae Qyy +Cyp - 2

di, © @y (ipgtipgpp)t{( Qg+ Qyy-1) i,
and
_ W v 1

dlA o) —lB_lRBE_lA

It is apparent that the small signal resistances
of the emitter and anode diodes are pusicive
resistances that decrease with increasing current,
and that the center or collector diode develops

the negative resistance,

16

(e ]
|




2.

Analytic Solutions of SCR Dynamic Equations

The approximate step-response will be developed

for the simplified circuit below.

lA ——ﬂplA
d ‘22
C L | . .
JEF¥+— ~“DEX— g; ips T1ER2
C
Pl ica
C = C_=—F/—— A .
JC DC I% ine JJ.L,R R
—( B
|

@]
I
Al
@]
I
I
@
-
O
o]
[
—
-
o]
X
[
()
/
<
2

DEI]

a. Turn-on Step Response:

As the current level is usually quite large,
the junction capacitances contribute little and
thus will be valued at zero., Also, as the
center diode is back biased, cDC is very small
during the transient and thus will be valued

at zero,
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The following equations will develop the
collector current response to a base current

step.

Summing currents at the base, collector, and

anode nodes provides the 3 basic equations.,

dVBE
ipg*t gy *icg Y Cppp 3 = © (1)
log = iy = 0 (2)
dv
. . AC
in ¥ igge Y Q2 @ - O (3)

It is desired to solve the above equations for

i, in response to a step of 1 To solve, note

tﬁat from the topology, ®
1gg1 = *pEl T ERL (4)
in; = ipe - icg (5)
1gg2 = ‘pE2 T lER2 (6)

and from the previous section,

igrl = Qriics (7)
icg =COniipg tOnoipgo (8)
ipr2 = Qrotles (9)
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the 3 "transportation"

be solved for in terms of the 3 "diode"

current generators may

current
generators as foliows,
. % %ntoe *%ntpe “%Np Gritpe2
ERL 1 -Qy, Q1 ~Qx Qg3

i

(10)

Qyiiper (O Ayt Qyy Qpp) ipet Cgoipe,

- - - (11)
CR 1 -G Qpp -G Qg
. ! Craipp1t C12ipe ~COnp Rrpipen (12)
ER2 1 -Qy 05 -Ay Apy
Substitnting in (4), (5), (6), respectively,
. Ny Cpp)ipsy -Gy ipet e Rry Ppgo (13)
EJL D
. _“%w'oer * 'oc “Onptpra (14)
cg < D
S A v Qppipct(1-Qyy Q) ipgy (15)
EJ2 = D
where
D =1-Qyp A ~Qy Oy (16)

At this point, the equations may be simplified

a bit by noting that for the turn-on response

it is a failr approximation to let iDC = 0.
Substituting (13) into (1),
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ip + KllDEl + K21DE2 + Cl 3t =0 (la)
dv
BE
and as T = C :
DE1l DE1 dlDEl
di
. . , DE1
ip+ Kipe) + Kydppy + Topy ¢ = © (1b)
Substituting (14) into (2),
totppl T Kelpgy ~ 1a = 0 (2a)
Substituting (15) into (3),
dvAC
i, + K31DE1 + K41DE2 + C2 3t - 0] (3a)
dv
AC
and as T. = C —_—
DE2 DE2 dlDE2
di
. . . DE2
ia * Kylpgy + Kglppy + Tppyp g = O (3b)
where
L 170w @ Gp(dqy - )
1 D ! 2 D
1 -Q,..Qa
K, = w1 %11 K, - N1 “'12
3 4 D
D
. 9w o %N
5~ D ! 6 D

6-20



Taking Laplace transforms, from (1lb),

+ T

2 1pE? pEl ‘Ipg1S - ipgio) = O (1c)

IB + KlIDEl + K

where ipgjg is an initial condition having value

of zero for the turn-on step response. Thus

IB + (Kl + 7bElS)IDEl + KZIDEZ =0 (14)
from (2a),
KsIpgyr * Kelpez = Ia = © (2D)
from (3b),
Iy * Kylppy + Kylppy + Topp “IpgaS ~ ipgpo) = O
(3c)

where ippsg is an initial condition having value

of zero for the turn-on step response, Thus,

IA + K3IDE1 + (K4 + 1bEzs)IDE2 =0 (34)
Substituting (2b) into (14d),

L, eS| KpKe (K T S)Kg %

B K A K E2 =

5 5
(17)

Substituting (2b) into (3d)

Ko + Ky . K Ke+Ko Ty p o S-K Ko . o (18)

Ke A K DE2 ~
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Solving (18) for IDE

o),

1

6

6 1

R

-(K +K )

2 and substituting in (17)

KSKST

D

Kg

E2

(KSKZ -K.K_-K_TS

K

(s L4 ﬁx_6_>
ToE2 Ke TEo

)<K4K K3K6+K575E2

A

K

DE

1
T 1>K2 ToE2

K

4 K3

Ke

S+ (K +K ) T.
Ter KT DE2> DE1 "6

o

-

5 2 -7
6 DEl DE

(19a)

As the possibilities of simplifying the algebra

for the relatively general case of (19a) seem

]

mall, some further simplifying assumptions

will now be made.

Assume O'Nl
and G'Il
and 1bEl

:anz

:aIz =

=T

DE2

0

Tok

(20)
(21)

(22)

These assumptions result in a considerable

simplification, as follows:
) O.NI S + 1/ Thg
A ToE 2 1-2Qy

s” + ——-53+——————
'BE 13%

This may factored into

I

Q.1

B

S +

1/1i)E

_ N
A B

E

(s + s

6-22

l)(s + 82)

(19Db)

(19¢)

)




s, = ?i— (1 +Zdy ) (23)

s, - (1 -070y) (24)

For a step, i of base current,

Bl’
IB = lBl/S (25)
I — G’_NiBl S +.\l/ 71.)E (l9d)
A T S(s + L,)(s + 52)

Taking the inverse transform,

- Qyig - 1 - N2a e-slt o1+ V2a, e-Szt
A~ T20 2 . 2

It is worthy of note that the iA response is
quite different in character for(:LN £0.5 than
for(lN >0.5. For the first case, the 2 expon-

tional terms decay with time and i, approaches

a constant value., For the second éase, one of
the exponentials grows with time and iA is
limited only by factors external to the equa-
tions, such as the device entering the satura-

tion region.

The equations solved were, for simplicity, of
a model without a shunt base-emitter resistance.
Thus a model with this resistance will not per-

form exactly like the equations do., This
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discrepancy should ke small at high currents.

The choice of constant equal ClN's and T._.'s

DE'
is unlikely to be highly valid for an SCR
device, resulting in discrepancies between device
and model performance. Should these prove
important, it may be necessary ‘o develop solu-
tions of the equations without using these sim-

plifying assumptions.

Turn-off Step Response:

The device 1is assumed to be in saturation with
anode current iAl and zero base current when a

(reverse) anode current step, is applied.

lans
The relationship between storaggztime and device
parameters under these conditions will be
developed first. Then the relationship between
maximum permissible rate of reapplication of
anode voltage ana device parameters will be

examined,

1) Storage Time - Although the equafions could
be developed from the model as in the pre-
vous section, a different and simpler
approacn will be used, Assuming a symmetrical
device, where all "subscript 1" parameters
are identical to their "subscript 2" counter-
parts, a "2 transistor" model, as follows,

will be used.
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As the external base current is zero,

i, = -1 (1)

During the storage time, due to the sym-
metry,

i, = i, (2)

thus tue transistors are identical with
identical currents (except for polarity)
and we may examine the storage time of
only one of them,

Ebers-Moll provide the following approximate
equation for a transistor with iaitial

enitter and collector currents, i and i

El cl’
znd an applied emitter step of iEZ'
i - i
E2 El
t =T 1n n > (3)
S S ipgy + 1C17?1N
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2)

where polarities are as follows,
lc1

i

3
Also from Ebers-Moll, the approximation
T, = T+ T, (4)

These equations permit the evaluation of

1} (and CDC) from anode turn-off storage

time data by substituting in (3)

“lap tip

miap t .5 i/ Ay

t. = 1; 1n (3a)

Maximum Rate of Reapplication of AnodeVoltage
At ts,
effectively all the charge stcred in the

the storage time ends,

model center diode diffusion capacitance

is removed and the center diode is no longer
forward biased. At this point there still
remains charge in the diffusion capacitances
of the two end diodes and thuvs there would
still be a normally decreasing anode-emitter
current if anode voltage were reapplied.
When the anode voltage is reapplied it
generates a base current through the center

diode junction capacitance
av
dt
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The combination of the existing end diode
charges and the "applied" bhase current can
cause the model to re-enter saturation

rather than turn-off completely.

If it is assumed that this re-saturation
results primarily because of the rate of
reapplication of anode voltage (iB) and
negligibly because of the storage active
region charge, a simple conclusion ..ay be

drawn as follows,

vy

igp = Cgc Gt (5)

where iBF is the base current to trigger

the model.
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C. Parameter Evaluation

Evaluation of the parametersof the SCR moiel poses some
unique probklems, These result from the contrast between
the relative complexity of the model and the relative sim-
plicity of the applications to which the device is put.

The device has 3 junctions, compared with 2 for the tran-
sistor and 1 for the diode., Further, device operation 1is
strongly dependent on non-linear current-dependent alpha-
normal plus one or more linear resistors shunting the junc-
tions, Tne alphas are also voltage dependent providing an
anode voltagz sensitivity that results in an anode break-
over voltage, This latter effect can be modeled with an
avalance current generator shunting the center junction

while retaining the linear alphas.

The combination of non-linear effective alphas and 3
junctions results in quitc complex device dynamic behavior
as well, even if the simple single lump diffusicn capaci-~
tance concept is used with the normal junction capacitance

model.,

In contrast to this device and model complexity is the
fact that the device :s most often used a7+ a triggered power
switch in circuits where the exacc detailed static a .d
aynamic performance are not important. Thus device data
sheets generally provide more data about device thermal

properties than about electrical propearties,

To accommodate to this situation, it is suggested that

1. Unimportant parts of the model should bhe cmitted,

2. Parameters not vital to the gross performance be

evaluated arbitrarilly with a "reasonable" value.
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3. Symmetrical parts of the model be given identical
values where doing so will aid or simplify para-

meter evaluation,
These guidelines are used L :low,

1. Vo

VO directly, controls direct the small-signal low-current
forward resistance of the junctions and indirectly

affects the junction reverse leakage currents.

Arbitrarily, let V_ = .026 volts @ 25°C.

2. @), andQp,

An approximate value for the normal alphas may be
obteined by first assuming C].Nl =(1N2, then use
(27d) to approximately define.the Anode Holding

Current,

Qy1ireE
Qyp +Qyy-1

-I.. =

H

.hen use (27e) to approximately define the Gate
Current to Fire,

13

“I6F = ‘ReE

From these, defining R = IH/I

R
Om =°~N2 = 2R-1

CGF’

Note, however, that alpha must be greater than .5
and less than 1.
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aIl and (112

The inverse alphas primarily affect the low-current
anode saturation voltage. They are generally quite
small, and the low-current saturation voltage is
usually not imporcant.

Arbitrarily, let aIl :a12 = .01

RBE and RAC

From the Gate Current to Fire and (27e)

R

RBE - ~1GF

i
Arbitrarily assume a base voltage of 0.50 volts for
which almost all the input current goes through

RBE and almost none through the base-emitter junc-

tion,
~ 5

Then R = ==

BE —IGF
Arbitrarily, let R,. = 1000 Fgg
Isp1 Iscs @rd Igpp
From (16), assuming 1% of I,p enters the base at
VBE = .5 volts,

01 I
.5 2 .026 1n < - ——-I——-Q-E>
SE1

01 I
exp(.5/.026) =<1 - —T—ﬂ>
SE1
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Igpy = -01 Ip/(l-exp(.5/.026))
from (8)

Igo =Qy Iop/ (1-exp(.5/.026))
from (9)

Igpy = 01 I ./(l-exp(.5,.026))

RE’ Ry, and RB

Where the SCR is not used at high currents or high
dissipation or where the increase in saturation
anode voltage with current is not important, RE
may be omitted from the model. Otherwise, a low
current and a high current point may be used to

evaluate RE'

Arbitrarily, let Ry = RB = 0,

iZ

Where necessary a Zener current generator can be
used to simulate the voltage dependence of alpha
that results in an ancde breakover voltage. In

most application, this generator may be omitted.

C C

cJC’ JE1’° TJE2
For each of the three dicdes in the model, the
junction capacitance should exhibit the usual

voltage dependence as follows:
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K
C,= -
J N
(Vg = V)
However, it is guite consistant with the lack of

precision used this far in parameter evaluation

to adopt a linear junction capacitance, Thus

CJC or KC may be evaluated by using the specified
maximum rate of reapplication of anode voltage

with the Gate Current to Fire spec.
Cic = -IGF/(dvA/dt)

As neither CJEl nor CJE2 are of great importance
to normal device operation, it is suggested that

they be set equal to CJC'

Thus  Cyp) = Cypy = Cac-

Cpe1’ Cpp2’ @74 Cpe

As with the diode and transistor models, the dif-
fusion capacitances are represented by the diffu-

sion time constants, For simplicity,

let = T = T

Toe1 = ToE2

The SCR turn-on time can be used to evalute 7bE'
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From the dynamic analytic solutions,

a ) - _ _ N\,
. Onim (1 o1 2a, e ity 1 {2 Sztt)
= 2

Al 120
where |
s, = 7;— (1 + {fff;)
DE ‘
and

1 N7
S2 = ‘1; (l - ‘aN)

This equation cannot be solved explicitly for 7bE

N, iry5 ipgy» and tt' However, i, vs.

t may be plotted for a normalized 7BE? permitting

when given QU i

a graphical solution for 7bE

The total turn-on time tt is composed of a deliay,

tD, and a rise, tr
It is noted h :re that, in general, the model will
not have the same ratio of tD/tr as does the device,
This is so because the current dependence of the
device alpha .is only roughly modeled with a shunt
linear resistor,

The inverted time constant, 1&, associated with the
base-collector diode of the model may be evaluated

from storage time data
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VII. P-Channel Junction Field Effect Transistor Model

A. Model Description

For P-channe!l junction FET, device and polarities are symbolized

as follows.

A preliminary model for this device has been developed. This

model is symbolized as follows.

D

.
l
1
|
l
|
|

-
i
Cpa= % Rpg

R

193

a | |



1. Equation for ips

The general equation assigned to iyg is as follows:

v
. | VGsx K (%2 DS \
'DS= "Dss < '—-v—'—> (1' eXP\ - —-———/>
P p - 'GsX
where Vasx is defined for each region in the following para-
i

graphs and the remaining parameter .re defired subsequently.

a. Normal Active Region VGsSx

. In the Normal Active Region, vgg is positive and vpg

is negative.

Fr Vp > VGS_>_0 and VDS‘ 0, VGSX= vGs
b. Inverted Active Region VGSX
In the Inverted Active Region, v S—VDS is positive
G

and v is positive.
ps ‘5P

For vp+vDS > VGSEVDS and Vvhg= 0, V5ex = Vs “VDs

c.Conducting Gate Region
nducting Ga eg Vasx
Operation with the Gate conaucting is not well defined for

the FET. This is handled math.matically by preventing thc mocdel from

entering this region.
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For Vgs< 0 and Vps < 0,

VGSX = 0.

For vose. VDS and VDS >0

Vesx ="VDs

d. Cut-Off Region

For vas _>_VP and vDsé 0, VGSX=Vp

v

e. Other Parameters

1. Drain saturation current, IDSS= iDS at VGS:O and VDS<-ZVP

2. Gate pinch-off voltage,

. -6
vp"'vGS for ing= -1x10 ~ and VDS< —Vp

3. K, is a constant that influences the transconductance. It
is usually given the value 2 for silicon diffused-junction devices,
4. K2 is a constant that influences the output conductance at
Vpg near zero. It is given the value of 2 in the absence of contrary infor-
mation.
2. Other Components of Model
a. Fixed Resistors

All the fixed resistors will have large values as they
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are intended to simulate the device leakage currents. Even when not
important for circuit performance, at least 2 of the 3 should be used to
provide D.C. ''connectivity' for TAG.

b. Capacitors

The drain-gate capacitor, CDG’ is of primary importance for
most dynamic applications. The other 2 capacitors may often be omitted.

B. Model Performanre
1. Large Signal Static Normal Active Region

Ignoring the ''leakage' resistors, the drain source current
generator characterizes the output characteristics of the device. These
output characteristics are plotted inExhibit 1 for several values of gate-
source voltage.

It is to be noted that the model is not "permitted' to perform
in the region where the gate is forward biased. Also, the "breakdown"
characteristics of the device at high voltages are not present in the model.

2. Static Operation as a Voltage-Variable-Resistor

For this type o]f operation, VDS is generally within the range
oft0.1 Vp' The performance of the iDS current generator (ignoring the
leakage resistors) in this area is shown inExhibit 2. Note that the output
characteristics are only approximately linear. Also n\ote that a gute voltage
somewhat greater than Vp is required to cut off the current for positive

V...
DS
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C. Parameter Evaluation
Although it is possible to get the constants Kj and K2 from device
data, for simplicity here we assume values of 2 for both of them.
1. Normal Active Pinch-off or Saturation Region Parameters
Very often, specification or test data provides values for
both Ingg and V_. Sometimes, only one of these two parameters is provided,
plus a parameter called 8 the forward incremental transconductance
in the pinch-off region. The relationship of By to Ingg and Vp is as follows.

In the Normal Active Region, the expression for ips

. . VGS \2 ZVDS
\s V-VGs

P

becomes:

> 2V,

P the exponential term approaches unity and iDS

For —vDS

may be approximated as follows.
i (1 TGS )2
DS= -
DSS v

P

Ditferentiating with respect to vig,

di -21 v
193,% = vns& (1- _Qrsl;_)

)

Defining B & d‘l’DS
o = -2lpgs a VGS )
f -— -
8 Vp Vp




This equation may be used to relate B v IDSS and Vp at any point in
the Normal Active pinchoff region,.
At times the forward transconductance at zero gate voltage, Bfso’

is given. It is apparent that

. ~“%Ipss

Bfso - TV
p

2. Pre-pinchoff Region (Voltage variable resistor) Parameter
The parameter of primary interest here is T dso the incremental

Gs ° VDS = 0, The relationship of T4e

other parameters is derivedas follows. Starting with the general equation

output resistance at V o to the

for ing: for Vgsx constant, differentiate with respect to Vps

Sps | g.tesx K1 Ko ) exp (LEDS__
avDS DSS v Vp ~VGsx Vp “VaSX
di V -v K, -K
@ v -0, —Ds _ . Ypvasx | i K )
ps~ % Ipg T oss TV Vo osx
dipg  -Klpss (V VGSX )Kl -1
dVDS Vp Vp
For K. 2. DS “K,Ipss ( Vo Vasx )
178 & = 7V v
DS P P
Fos o ps “Kolpss
oF Ygsx ¥
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diDS

letrdso =1/(—a-v—‘Ts-—)

vgs=0

Then r
dso K2 SS

It is evident that K, can be determined from this equation if

2
the other three quantities are given. On the other hand, using the

suggested approximate value of K2=2,

-V

r -
dso ZESS

1

And incidentally 1, = = _g.f____
so




VIII. N-channel Junction Field Effect Transistor Model.
A. Model Description

For a N-channel junction FET, device and polarities are

symbolized as follows:

DS

'

The model for this device is identical to that for the P-channel

junction FET, except for the opposite polarities of v S’ and i

Gs’ 'D DS’

8~1




IX. NON-LINEAR LNDUCTOR MODEL
A. Model Description

Most practical low frequency inductive devices employ

as a flux storage media one of the many metallic alloy
or ferritic materials characterized by a high flux
storage capacity per unit magnetizing force. Typical

of the alloys are 4-79 Molybdenum Permalloy, Supermalloy,
and 50:50 nickel-iron alloy. These materials generally
display a B-H curve similar to that shown in figure 1
below.

Magnetic Flux Density §

B =1.55x 10’ %

e
Magnetizing Force

H = .49474 - §jl

o]
(2]

Flux density in gauss
Magnetizing force in oersteds
Flux in webers

Cross-sectional area in

square inches

Number of turns linking the
the flux path

Current in each turn in amps
Magnetic path length in inches

Z P»onwH
nunu

ey ey
nn

Figure 1 Typical B-H curve for high flux density magnetic
materials.
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This report develops and demonstrates a mathematical model
for such magnetic core materials which is composed of three
linear segments chosen in such a manner as to form a best
fit approximation to such B-H curves. Figure 2 shows the

results of fitting such a model to the B-H curve of Figure 1.

Model

— — _ . Actual B-H curve

Mg

Figure 2 Three piece linear approximation to
B--H curve

Once an inductive device has been built, its terminal
properties l.ecome the most important characteristics
defining its behavior. For this reason the model
equations developed here will be in terms of device
terminal parameters. These parameters will be re-
lated to magnetic core material properties by a set
of equations presented a* the end of this section,

As illustrated in figure 3, the terminal properties
of an inductive device are the time integral of the
terminal voltage ¢>T and the magnetization current,

IMAG'flow1ng through the device.

9-2




i———~»—~-—-—b (—-—*
T l .
= JE
P f pdt Ivac Yo Q IMac
-00
L .
Device Symbol Device Model

Figure 3 Symbolic representation of device and model
terminal variables.

Figure 4 shows an idealized & - Iy,, curve fitted

by ti:e proposed three piece linear segmented model.
The salient features of this curve are defined in
terms of device terminal variables Prp and IMAG’ The
model clearly displays three states labled the nega-
tive saturation, high inductance, and positive satura-
tion regions. Each state corresponds to one of the
three segments of the model. If we define a constant
g which takes on the value -1 in the negative satura-
tion region, 0 in the high inductance region, and +1
in the positive saturation region, the model may be
expressed by the single equation given below. This
equaticn expresses the magnetization current as a
function of the time integral of terminal voltage

for all three regions of the model.
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where: &
S

L

Isar

il

=1/£T dt

-0
state constant
-1 in the negative saturation region
0 in the high inductance region

+1 in “he positive saturation region

Terminal inductance
LU in the high inductance region
L. in both saturation regions

o]

The extrapolated value of the saturation
region magnetizing current fo." zero

impressed flux.

By making appropriate changes in the values of L and

S each time the boundary between two segments is tra-

versed the desired non-linear function is created.

Given the following set of basic inductor parameters

the required terminal parameters ISAT' LU' LS and

¢>M may be calculated using the formulas given below.

Given: N
1

Number of turns linking inductor core
Length of magnetic path in inches
Cross-sectional area of magnetic path in
square inches

Magnetic flux-density at the boundary
between the high inductance and satura-
tion regions in gausses.

Average permeability in high inductarce
region in gauss/oersted

Average permeability in saturation region
in gauss/oersted
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For ¢@ in volt-secs and I irn amps

MAG
®, = 6.4516X107°-N.A-B, in volt-secs
U A
LU = N2 Y S in henrys
3.133X107 .1
US ‘
LS = Ly5 in henrys
U
U
ISAT = Iiiﬂ ﬁg -1 in amoes
U S

B. Model Performance

The performance of the piecewise linear inductor model
developed above is now analyzed as it responds within the cir-
cuit of figure 5. A voltage step of amplitude E is applied

to the non-linear L through resistor R.

R

Figure 5 Non-linear inductor test circuit

The current in a series RL circuit to which a voltage

step E has been applied is:
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In the unsaturated region, L = L and in the saturated

u’
region, L = LS' A separate equation must therefcore be re-
quired to define the time response of the circuit in each

region.
IU = IMAX l-e U for O<Ct<tx

R
-— (t - tx)
I =1 [l—(l-K)eLS ]

S MAX for tx <t,

where t is the time at which ¢ =&,
X T M

&8

K = M/I I = %, and I, =

By using K as an independ .t variable, tx may be cal-
culated as a function of K. The effect is equivalent to cheng-
ing the value of the unsaturated inductance while holding
all other parameters constant.

R
1 -elu tx)

Iv = Ivax (

Rt
e LU =1 - K

. - . ulog, (1-K)
X R




But,¢M=L I, =1L (IM+I

U™ S SAT) :

L. I oo}
: _ S "SAT _ M
Solving for LU ' LU il + L 7

tx is plotted in fig. 6 as a function of K. The limiting
value of tx as ¥F— 0 is derived from:

R tx
- — - 1-K
e LU 1
R
l- — t_ = 1-K
LU X
t = EJE_ K = 3‘1_ . IM = CDM
x R Mt Imax R Imax
This corre..onds to a value of LU = OO

The equations for IU and IS as functions of time are

developed, using values of K from 0 to 1, and L, held constant

S
at .iR. Some of these pairs of equations are also plotted in

fig. 6, using the time constant ¢, M
R IMAX E
to normalize the time axis.
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Parameter Evaluation

The mathematical model of the non-linear inductor
developed in section A provides an equation for cal-

culating I the current throuah the inductor, as a

MAG'
function of ®p, the time integral of the voltage
applied across the inductor. This egquation is repro-

duced bhelow,

-1
Iyag =L+ ®p - S-Igaq

where, for U

@Tl <Py S=0.and L =1L

for CbT > dyr S =+] and L = Lg

and, for @T < -9 S=-1land L = L

M’ S
Given the inductor core parameters, N, 2 1, By UU
and US' the required terminal parameterS;¢pr LU’
LS’ and ISAT may be calculated using the formulas
provided at the end of section A. Parameters BM’ UU'
and U may be graphically evaluated from a B-H loop

S
by fitting a suitable set of three straight line seg-

ments directly to the given curve. This is demon-

strated in figure 7.

Evaluation of the terminal parameters of an inductive
device which has already been built may be accomplished
by observing the current response of the device to the
test voltage wave form shown in figure 8. The time
response of the current may be displayed on an oscil-
loscope by using either a current probe or a small re-
sistor in series with the inductor. Each voltage pulse
should be of sufficient duration to drive the core over
the entire region of probable operation. The time be-
tween the pulses should be sufficient to insure that the

9-10
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magnetization current decays to zero between pulses.

The current waveform to be expected during each posi-
tive pulse is shown in figure 9.

+E

Time

Figure 8 Test voltage wave form.

This will produce a half hysteresis loop from which ¢M' LU

These may be trans-
formed into normalized core material constants by assuming
N=1,A=1, and 1 =1,

and Ls may be graphically determined.

Under these conditions:

U, = 3.133 X 10”0 X L

Uy/Ug = Ly / Lg

U

B =M X 10°
M~ 6.4516

9-12




575 308 dpo awyy.

saan) rejuldwtradxyg woay md pue DA JO UOTIRATII(T
‘6 "btg

A STL SR TTIVVRC Y]

i
i
+
4
.
e e e o SR — —
;
H
4
— .M - * -+
R e J
. ]
T:I e —— -1 ——
1 + ; '
i
b i ; !
| | |
i v
e S U ——
! ; '
i \ '
poem - - = - .
! !
:
oL
'
{
r——— l‘ll'l. - — a—————— —
]
;
— - — e

sduc Mg

U‘OVhau
Suiz jaubeyy

9-13




Non-Linear Inductor Subroutines . .

SUSKOUTINL PLIND(FLUX RTND  STATE rCISAT o FUXSTL FLXSTUYFLAINSDATAY

1LLCiiprballorie 1)

Chl-L PLIND(SSAXYY rRINUL o STATEICASAT Lo b IFLAST L SUFLXSTUrFLXINI»
fUOATAL 'LLCN] rLALOF e ])

SIKAYY = wlwiudl * (SSXXYY + FLXINL) = STATEL * CISATI

SUSuJT Le PLIND IS A PIECEWISE LINEAR INDUCTOR CONTROL SURROUTINE
FOR (HE TAL CIRKCULT AIWALYSIS PROORAM

PLLINU CONTRULYS THiE LIWEAR 1ROUCTUR MUDEL IMPLEMENTED BY THE
CURRci:T SuurCe DESCRIPTIUN STATECENT SHOWN ABOVE BY VARYLNG THE

Vabkiuclh OF iniNul ANU STATEI DEPENUING UPUN THe FLUX LEVEL IMPRESSED

ACROUSS THL wLVICE. . .
Fux FLUX LEVELS SETwEeN + AND = FLUXMXr» STATE = 0. AND THE CORE
EXLglls A PERMEARILITY OF UMAXA YIELUING A RECIPROCAL TERMINAL

INDUCTANCE RIND = RCPLO.

_FLUXMA CORRESPONDS TO A LEVEL OF FLUX DenSITY WITHIN THE CORE OF

BMAX.

A PescnslLITY EQUAL TO USAT = UMAX/URATIO YIELDING A RECIPROCAL
TehwinaL INJUCTANCE wInND = RCPL1 e

_FOR FLUX LEVELS AnOVE + FLUXMA» oTATEI = +1. AND THE CORc EXHIBITS

FOR FLUX LEVELS SELOW = FLUXMXe STATEI = =1, AND THE CORc AGAIN

_EXHIBITS A PERMEABILITY EQUAL TO USAT Anu A RECIPROCAL TJLRMINAL

IiDUCTANCE KAIND = RCPLL.

CURKEAT INTERCERPT FUR THE THREE REGIUNS UF OPERATION. ThlS
INTERCEPT CURKENT EGUALS 0 I STATE o -SIWCE THIS MOUEL EXHIRITS WO

__ThL ToikM = STATEL&CISAT SPECIFIES THE ZERO FLUX LEVEL MAGNITIZING

Irrrr,lr.rrr( (SN SR ON N ol | SN PN ol o N ol Gl Fall it i o

HYSILhESIS AND =CISAT ANU +CISAT IN IHE +1 ARND =1 STATES
RESP.CTIVELY.

T 5TUP FUNCTLION IOENTIFICATION INTLGERS I aNU J MUST BE UNLQUELY

CHOSEN SO THAT U = I + 1 AND NU OTHER STOP FUNCTION IS IUENTIFI1ED

T BY CLTHER OF THE SAME NUMBERS. THIS ALLOWS THE USER TO DISTINGUISH

[

C AL [HE VARLAUGLES ASSUCIATEDL Wil A GIVEN INDUCTOR BY APPENDING

C THE LWTCGER [ TO THE END OF THE WWAMc OF cACH ASSOCIATEL VARIABLE

C AS SrUJN ABOVC. A SECUND EXAMPLE IS SHOwWw BELOW OF THE CALL PLIND

U7 TANU LUKRENT SUURCE DESCRIPTION STATEMENTS AS THEY SHOULD ACUALLY ™ -

C APPLAR IN THE DEVICE UESCRIPTION PORTIGN OF THE TAG DESCRIPTION

T UECK. T ) T

C CALL PLIND(SSCIUIWRINULISTATEL v CLISATLIDLIFLXST1 ¢ H2FLXST29FLXIN»

C TDATAL P LLCNT P LLALGFT 1)

< S101ud = RIND1I*(SS0109 + FLXxInl) = STATE1*CISAT1

o ARG(1) = FLUX = TIME INTEGRAL UF VOLTAGE BETWEEN NOLES XX AND

¢ YY IN VOULT=SECS

< ARG (2) = RIND = RCCIPROCAL OF IWCREMenNTAL INOUCTANCE T

C IN AMPS/VOLT=SEC

C ARG (a) = STATE - STATE FLAG = INUICATES PRESENT STATE OF CORE =

C -1 FOR NEG SAT = 0 FUR U=UMAX = +1 FOUR POS SAT

‘CTT T ARG(4) = CISAT = EATRAPOLATED VALUE OF INDUCTOR CURRENT AT ZERO ™~

L%__“__m-“-m_ TERMINAL FLUA FOR STATeS +1 AND =1 IN AMPS
ARG(5) = FLXSTI = LUWER FLUX LIMIT STOP FUNCTION B

C ARG (L) = FLXSTJ = UFPER FLUX LAMIT STOP FUNCTION

T AROG(7] = FLUXIN = INiITIAL VALUE OF TERMINAL FLUX 1IN VOLT-SECS

C ARV (8) = DATA = 6 MEMBER ARRAY OF CORE AND WINDING PARAMETERS

T ARG(9) = LLCNT = STOP FUNCTIOW FULAG = NUMINALLY EQUAL TQO =1~ 7~ ~

a EQUAL TO N AT FLXSTN = 0.
ARG(10) = LALGFT = INITIALTIZING FLAG = EQUAL TO 1 ON FIRST PASS = -

K EwUAL TO 2 THEREAFTER

- AR9(11) = 1 = LUWER CIMIT STOP FUNCTION IDENTIFYING INTEGER

C DATA(L) = PTURNS = NUMBER OF TURNS IN PRIMARY WINDING

T T DATALZ2) = PATHLN = MAGNETIC MEAIV PATH LEMNGTH IN INCHES ST

o DATA(3) = CSAHEA = MAGNETIC CROSS SECTIONAL AREA I SQUARE INCHES p

At A R Y TR RT I DFNT LYY TN GAUSSFS

0—14




fy

IUI,

UATALL) = UMAK - AVERAGE MAXIMUM PERMEABILITY IN GAUSS/OERSTED
UATA(o) = URATIO = RATIU UF PERMEABILITIES  UMAX/USAT

DItenSL0on UAnn(u)

CALCULATE VOTAL TFRMLNAL FLUX

TFLUX = FLUKL + FLxIW
IF(LALuFT 1) loorl0ursliln
LUl LUt

LALLULAT MaxIMuM WilhuvlING FLUX IN VOLT=-StCS
FLUXMA = beuHlAE=A 4 LMAX * CSARCA * PTURNS
FLJAHA—D-“JlnL-o*DATA(4)*DATA(5)*DATA(1)
CalLuLaTe MAXIMUM NcClPRUCALAWLNQINb INDUCTANCE IN AMPS/VOLT=SEC

KCFLU = SelooUb+7 4 PATHLN / ( UMAX * PTURNS ##%2 % CSAREA )
RCPLU=3.1030E+7*DATA{C) /(DATA(S) *DATA(1) xx2%DATA(3))

LALLULAlt SATUKATED ReCIFPROCAL WINDING INDUCTANCE IN AMFS/VOLT=SEC
f\(.PLl = RLPLO =* URATlV\_{m_"'W o 3

RCPLL=RCPLU*DATA(R)

LALLULAlF AGSOLUTE VALUE OF UNE oTATE CURRENT INTERCEPT IN AMPS

C1541 = CPLU * FLUXMX * (URATIO = 1.)
CLOAT=KCPLU «FLUXMX* (DATA(B) =14)

) FLAGAY = FLUNMX

CALCULA1E THic #8SOLUTL VALUL OF VHE BREAK POINT FLUX IN VOLT=SECS
CALCULATE T ~aS0LUTE VALUE OF THE bREAK POINT FLUX ROUND OFF
UU\HUJAHO L VULT-SLLD .
CFLXGP = FLAOBRP % H.E=7

CAbCULATE RCTUAL UPPER BREAKPOINT FLUXES IN VOLT=SECS

FLUXHn = + FLXBAP + DR LXUP

FLUAFIL = + t‘L./(rH\P__-kL)"LXDP

Chbeubiare ACIUAL LOwWER BREARPOINT FLUXES IN | VCLT=SECS
FLUALT = = FLARKP + UH_XBP

FiuaLl. = = FLXBKRY = OF‘LXDP

UCTLnlldt tNITIAL STATE OF CORE

Cau

11
12

IF O rLUx=rLuxbh)lurllel
STATL==1.
G U 1y
IFOVrcua=FLUXHL) 13013012
t)T"—I :.:+l .
oL tu 1Y

id
15

luy

SThTe= v

CUnE LU S
1r{S1ATL) dlusrlublliub
Cow i LNU‘L B
FlLuan = Fuuadh i
}‘L.U)\_ = =l.caV

R PP e e e a8 = et e e - s e —— j— I,

lUl)

‘\l W) - NCPLl

ou 10 1u9

Cuwi lNUk'_

FLUKE = FLUXNA
Fldae = FLUKLL

Hing = RCPLu

JRVR}

VU 1o 1uy

Lo 1l

rilUan = +l.c03U
ri.vac = FLUXHL
i = RCPLL

—— e e e e e e e A e —————— et ——— e . e

VAR SVIES SV LD

LUl L NS

ChLCULATE LWITIAL VakUw OF MAGWTTIZING CURRENT _
Fluur = RIL) * [FLUX = STATE * CISar - B

OUTPUT INITiAL VALUES ANU CALCULATED CONSTANTS

whITe QUTRUT TaPE be10000 (LATALLI) 0 1Z106) 9-15




2Qul FORPT (1!\1/20)('1“)!'(.'()!’\[ DATA AKRAY/Z/
120X aiPTUKLS ZeElhens it TURNS LUA» 2 LIIPRIVMAKY WINUING TURINS/
z2uArori?i Tl SeelAed s TH INCHES 10X 2LHMEAN MAGS PATH LENGTH/ L
A20ArunCSAKEA ZeElhene LU INCHES**2010Xe 20HCKOSS SECTIONAL AREA/Z
seuArnnpmaX  ZrElReBrior GAUSSESe 12X 20HMAXIMUM FLUX DENSITY/ o
S2UA e iUt A Sicdnetirivt GAUSSES/OERSTEL 4Xe 20HMAXIMUM PERMEARILILT
u!/igéli{ﬂhglflu ZeElveur Bt (RATIO) 012XK921HRATIO OF UMAX TO USAT)
WRITe VUlFJl TAPE GrlUUl?FLUAMAPCISAT P RCPLUPRCPLL
suul Furead (1ru/ 20X e 31ACKLCULATED INDUCTANCE CONSTANTS// -
' TeUArshFLUAMA SablAaebs LUH VOLT=SECS»1UXe S3HSATURATION FLUX LEVEL =
FALOU LuJAL Tu sREARPULNMT FLUX/ B ) o o
B2UKyesiCLISAT  ZetlhebtsroH AMPS, 15X S54AMAGNITUDE OF FLUX AXIS INTERCE
Gi”71 CURENT 1id SATURATLON/
HZ20N P 8HCPLU ZrclhetirlbH AMPS/VOLT=SEC 6 X0 39HRECIPROCAL INDUCTANCE
o, Fu iord U REGION/ o 7 ) ) o ) o
T20Rr3nCPll  SorclhacnelidH AMPS/VOLT=SECroX e 42HRECLPRCGCAL INDUCTANCE
+ FOK SATURATEL REGION) e
WRITo QUTPUT TaPE 601002 TFLUXPFAOQUT»STATE
Luu? rORial(LHUue Z20X0 27THINLTIAL STATE OF INDUCTANCE/Z/
JeuheohiTFLUA =scleeBed0H VOLT=-SECS»10Xe JUHINITIAL VALUE OF TERMINA
2L FLUA/ s .
SCOR e nMAMAG SiElpeRrOH AMPS» 195X 36HINITIAL VALUE OF MAGNITIZING C
aUure T/ e - o
520ArbNSTATE  =¢F5.1931Xe21H1NITIAL STATE OF CORE/ )
00 1C¢ 120 N
1iu0 ir(LChT = (I + 1)) 111,1110120
1101 IF(LLENT = 1) 12001300140

1eu CObitasLeE

CALCULATE VALUES OF FLUX LIMIT TRIGGER FUNCTIONS
FLASTL = 4 1FLUX = FLUXL
FLXSTU = = TFLUX + FLUXH

1ol

TT1o0 w0 Hu 22U

RE TURN
[FISTATE) 15U0rl60,170

lod CONTanvUE

FLJXti = FLUXLH
FLUXC = =1.£50

170

60 Tu 120

STATE= =1,
K1ty = RCPL1L

COnTuNUE
FLUXA = FLuxnr
FLUXL = FLUXLL

o0 Tu 120
140 IF(STATE) 1700190,200
190 COnIenNUE

S5T14T7e= Ve

KRilib = RCPLO

FLUXL = FLUANHL

TT2u0 BU Ty 2au

- TRINL = KRCPL1

FLUXi = +1.e30
SIATE= +1.

GO Tu 124

cct ArRITE QUTPUT TAPE 6+1ul0
s 1ul( FORWA HU» 3IHLOWER TR RED IN REGIUN «1,)

2~ 230 wRITE OUTPUT TaPE 6,1020
1Uc0 FORMAT (1HU»33HUPPER TRIGGER FIRED IN REGION +l.i 9-16 .

60 Tu 120
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